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Abstract
Diblock-Copolymers (DBCs), created by covalently joining two chemically dis-
tinct polymer blocks, spontaneously form various nanoscale morphologies such
as lamellae, cylinders, spheres, etc. due to the chemical incompatibility of its
constituent blocks. This effect is called microphase separation in the literature.
Because of this self-organizing property DBCs find applications in many areas
e.g. in creating selective membranes, and in polymer based modern electronic
devices like organic photovoltaics where the internal morphology plays an im-
portant role in determining the performance of the device. Many such modern
devices are based on thin film technologies and uses copolymer nanocomposites
as it exhibits advantageous electrical, optical, and mechanical properties. Also,
DBC can direct the spatial distribution of nanoparticles (NPs) in the polymer
matrix via microphase separation. Generally, two types of NPs are distinguished
with respect to their monomer affinity: selective NPs which prefer one compo-
nent of DBC, and non-selective NPs which interact equally with both compo-
nents of DBC. In this work, using molecular dynamics simulations and analytical
calculations, we explore the effect of adding both types of NP in the copolymer
matrix considering a thin film (or confined) geometry.
We consider a cylinder forming DBC melt confined by purely repulsive walls in
slit geometry and study the behavior of the system upon adding non-selective
NPs. Two models of non-selective interactions between the monomers and NPs
are applied, i.e repulsive and weakly attractive interactions (athermal and ther-
mal cases respectively). Spatial distribution of NPs in the copolymer matrix
is sensitive to the NP-monomer interaction behavior. We focus on the thermal
case and discuss, in particular, the following points : (1) role of diblock and
polymer-wall interfaces, (2) spatial distribution of NPs, and (3) NP segregation
and uptake behavior by the copolymer film. The uptake of NPs by the copolymer
film in the thermal case displays a non-monotonic dependence on temperature
which can be explained qualitatively using a mean-field model. In general, addi-
tion of non-selective NPs do not affect the copolymer morphology and the NPs
are preferentially localized at the interface between microphase domains.
Morphological transitions are observed when adding selective NPs to the copoly-
mer matrix. By varying the amount of selective NPs and diblock composition
we systematically explore the various structures formed by the nanocomposites
under confinement and constructed the corresponding phase diagram in diblock
composition and NP concentration. We also discuss the NP induced orientation
transition of lamellar structure and study the stability of lamellar phases formed
by the nanocomposites.
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To study the commensurability and wetting transition of horizontally oriented
lamellar phase formed by the nanocomposites we have developed a mean field
model based on the strong segregation theory. Our model predicts that it is
possible to reduce the frustration in a film of fixed thickness by properly tun-
ing the NP-monomer interaction strength. Furthermore, the model predicts a
discontinuous transition between the non-wetted phase (where a dense NP layer
is present in the polymer-substrate interface) and wetted phase (where the sub-
strate is covered by polymers).
Finally, we extend our study to non-equilibrium where we apply a shear flow field
to copolymer thin films. Here, we study the flow behavior, lamellae deformation
and change of pair-wise interaction energy, and macroscopic response like kinetic
friction coefficient and viscosity of the copolymer thin film with and without NPs.
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Zusammensetzung
Lösungen von Diblock-Copolymeren (DBC), welche durch die kovalente Bindung zweier
chemisch unterschiedlicher linearer Polymerblöcke entstehen, können spontan mikroskopis-
che Strukturen ausbilden, welche je nach dem Grad der chemischen Kompatibiliät der Blöcke
beispielsweise lamellen-, zylinder- oder kugelartige Formen zeigen. Dieses Phänomen wird
meist als Mikrophasenseparation bezeichnet. Aufgrund dieser selbstorganisierenden Eigen-
schaft finden DBCs Anwendungen in vielen Bereichen der Forschung und der Industrie.
Beispielsweise zur Erzeugung selektiver Membranen oder in moderner polymerbasierter
Elektronik, wie organischen Solarzellen, wo die innere Struktur eine wichtige Rolle spielt
um die Leistungsfähigkeit zu erhöhen. Viele moderne Geräte basieren auf der Technolo-
gie dünner Schichten und nutzen Copolymer-Nanokomposite um elektrische, optische oder
mechanische Eigenschaften zu verbessern. In Folge der Mikrophasenseparation kann man
mit Hilfe von DBC die räumliche Verteilung von Nanopartikeln (NP) in der Polymermatrix
kontrollieren. Man unterscheidet im Allgemeinen zwischen zwei Arten von NP: selektive NP,
welche eine der beiden Komponenten der DBC bevorzugen und nicht-selektive NP, welche
mit beiden Komponenten gleichartig wechselwirken. In der vorliegenden Arbeit nutzen wir
molekulardynamische Simulationen und analytische Rechnungen um den Eigenschaften zu
studieren, welche eine Zugabe von selektiven und nicht-selektiven NP auf eine dünnschichtige
Copolymermatrix hat.
Wir betrachten eine zylinderformende Schmelze aus DBC, welche in einem dünnen Film,
zwischen zwei harten Wänden eingeschränkt ist, und untersuchen das Verhalten des Sys-
tems unter Zugabe nicht-selektiver NP. Zwei Modelle nicht-selektiver Wechselwirkungen
werden angenommen: ausschließlich repulsive (athermische) Wechselwirkungen und schwach
anziehende (thermische) Wechselwirkungen. Die räumliche Verteilung der NP ist abhängig
von dem jeweiligen Wechselwirkungsverhalten. Wir konzentrieren uns hierbei auf den ther-
mischen Fall und diskutieren speziell folgende Schwerpunkte: (1.) die Rolle der sich aus-
bildenden Grenzschichten, (2.) die räumliche Verteilung der NP und (3.) die Abscheidung
der NP, sowie die Aufnahmefähigkeit derselben durch die Polymermatrix. Im thermische Fall
zeigt die Aufnahme der NP durch die Copolymerschicht eine nicht-monotone Abhängigkeit
von der Temperatur, was mit Hilfe eines Mean-Field Modells erklärt werden kann. Die Zu-
gabe nicht-selektiver NP hat keinen Einfluss auf die Struktur der Copolymermatrix und die
NP werden vorzugsweise an der Grenzschicht der jeweiligen Mikrophasen gefunden.
Im Gegensatz dazu kann man durch die Zugabe selektiver NP eine Strukturveränderung in
der Copolymermatrix feststellen. Durch Veränderung der Menge der NP und der Zusam-
mensetzung der DBC können wir systematisch unterschiedliche Strukturen des räumlich
eingeschränkten Nanokomposits erzeugen und ein entsprechendes Phasendiagram bezüglich
der NP Konzentration und der DBC Zusammensetzung erstellen. Wir untersuchen auch die
durch NP induzierte Orientierung der Lamellenstruktur und analysieren ihre Stabilität.
Um den sogenannten Kommensurabilitäts- und Benetzungsübergang in horizontal orien-
tierten Lamellenstrukturen zu untersuchen haben wir ein Mean-Field Modell entwickelt,
welches auf der Annahme der ’starken Segregation’ basiert. Unser Modell macht die Vorher-
sage, dass es möglich ist die Frustration in einem Kompositfilm zu reduzieren, indem man
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die NP-Monomer-Wechselwirkung entsprechend anpasst. Zusätzlich sagt das Modell einen
diskontinuierlichen Übergang zwischen der unbenetzten Phase (Ausbildung einer dichten
NP Konzentration an der Polymer-Substrat Grenzschicht) und der benetzten Phase (das
Substrat ist ausschließlich vom Polymerkomposit bedeckt) voraus.
Abschließend weiten wir unsere Untersuchungen auf Nicht-Gleichgewichtszustände aus und
induzieren durch Scherung der Substratwände einen Strömungprofil im Kompositfilm. Dabei
analysieren wir das Strömungsverhalten, die Lamellendeformation und die Änderung der
paarweisen Wechselwirkungsenergie. Wir untersuchen auch makroskopische Größen, wie
den kinetischen Reibungskoeffizienten und die Viskosität, je in An- und Abwesenheit von
Nanopartikeln.
viii
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Chapter 1
Introduction
Soft condensed matter (or soft matter) is a class of material that is found almost everywhere
in nature e.g. gels, emulsions, membranes, liquid crystals, clay, etc. [1–7]. In soft matter
systems, the constituent elements have sizes intermediate between atomic and macroscopic
scales, e.g. colloids,1 amphiphilic molecules,2 and polymers3. Due to the large size of the
constituent elements soft matter systems respond quite sensitively to external fields and
hence the name ”soft”. A simple estimate show that the shear modulus of a colloidal crystal
is about 12 orders of magnitude lower than that of a usual crystal.[2] Soft matter systems
exhibit novel physical properties, e.g. viscoelasticity in polymeric systems due to the con-
nectivity, which are very different to those of a simple liquid, also they can self-organize
into a hierarchy of structures. In contrast to hard condensed matter like metals and salts,
here the self-assembly is driven by the delicate balance of entropic and enthalpic forces.
The entropic contribution is very crucial in soft matter systems, for instance the origin of
elasticity in rubber is the entropic force caused by the isoenergetic deformation of polymer
chains.
Polymers and polymeric solutions form an important class of soft matter which occurs
in many forms in living nature, and it has also become a major product in chemical industry
during the last century. Polymers such as polystyrene, polyethylene, polymethyl methacry-
late, etc. are synthetic, while polymers like cellulose, natural rubber, proteins, nucleic acids
such as DNA and RNA, etc. are naturally occurring and they are known as biopolymers.
Synthetic polymers find applications in wide area ranging from everyday household items
like plastic container, paints, clothes, etc. to modern electronic devices like sensors and
organic photovoltaics. The properties of such polymer based electronic devices strongly de-
pend on the internal morphology and large scale orientation of the morphology. Therefore,
motivated by the need to produce a well ordered internal morphology for the potential ap-
plications, we study the phase behavior of copolymer nanocomposite thin films by using a
generic model of polymers.
The remainder of this chapter is organized as follows. Starting with the simple phys-
ical picture of homopolymers, section 1.1, we briefly describe the melt phase behavior of
1Particles which are often aggregates of millions of atoms/molecules, e.g. proteins, bacteria, large poly-
mers, and many inorganic particles.
2Molecules which have hydrophilic and hydrophobic parts, e.g. Sodium dodecyl sulphonate.
3Macromolecules made by joining same/different molecules in a linear/branched fashion.
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diblock copolymers in section 1.2, and in section 1.3 we discuss thin films of copolymer
nanocomposite. The overview of this thesis is presented in section 1.4.
1.1 Polymers: A brief review
Polymer chain is a macromolecule made by chemically linking same or different molecules
in a linear or branched fashion. The basic repeating unit of a polymer chain, i.e., monomer
can have a simple or complicated chemical structure. Fixed bond angles and the presence of
side groups in chemical monomers leads to local correlation between the bond vectors along
the chain’s backbone. However, polymer chains are continuous and flexible beyond a certain
length scale determined by the bond-bond correlation length also known as the persistent
length (lp), and at much larger length scales it assumes a coiled structure, see figure 1.1(c).
An equivalent flexible polymer can be constructed by coarse-graining, see figure 1.1, where
the coarse-grained monomers have diameter b ≈ 2lp called Kuhn monomer/segment.[8–12]
Here, by coarse-graining the local structural information are suppressed. The coarse-grained
chain has the same mean-square end-to-end distance < R2 > and the same contour length
Rc as the actual polymer. The end-to-end distance R is the separation between the two
ends of a chain as shown in figure 1.1(c), whereas the contour length Rc is the total length
of a chain measured along the chain from one end to the another end.
(a) (b)
Coil structure
(c)
Rg
R
: Chemical monomer
b
Figure 1.1: Coarse-graining: (a) Group of covalently bonded chemical monomers are replaces
by an equivalent coarse-grained monomer with diameter b, (b) Random walk of coarse-
grained (Kuhn) monomers, (c) Coil structure at much larger length scale.
A very simple model of polymer chain is an ideal chain where interaction among the
monomers is limited to a few neighbors along the chain, e.g. freely jointed chain (FJC),
freely rotating chain (FRC), hindered rotation (HR) chain models.[8–12] The number of
monomers N and bond length b of the equivalent flexible chain are related to the actual
polymer parameters as : N = R2c/ < R
2 >, and b =< R2 > /Rc, where < R
2 >= C∞nl
2
and Rc = nl. Here, n is the number of chemical monomers in a chain, l is the chemical
bond length, and C∞ is the Flory’s characteristic ratio when n→∞ and the value depends
on polymer type. Here, by defining the equivalent bond of length b (also called Kuhn
monomer) all the different ideal chain models can be mapped to FJC model where the
statistics is equivalent to that of a random walk of N steps of step-length b, i.e.
< R2 > = C∞nl
2 = Nb2 , (1.1)
2
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and Gaussian distribution of end-to-end vectors,[10]
P (R,N) =
(
3
2πNb2
)3/2
exp
(
− 3R
2
2Nb2
)
. (1.2)
The local structural information of a polymer chain is contained in b. It is important to
note that R2 ∼ N (or n) independent of the models. The size of polymer with respect to
its center of mass is called radius of gyration Rg, see figure 1.1(c), and it is a more useful
quantity than R as it is independent of chain architecture. Also, the value of Rg can be
obtained directly from the scattering experiments.[12] The squared radius of gyration of a
chain is defined as
R2g ≡
1
N
N∑
i=1
(ri − rcm)2 , (1.3)
where ri is the position vector of i
th monomer, N is the number of Kuhn monomers, and
rcm is the center of mass position. For an ideal chain, < R
2
g >=< R
2 > /6. Hereafter,
unless stated clearly, monomer refers to Kuhn monomer.
In reality, polymer chains have excluded volume interaction, i.e. interaction between
monomers far apart along the chain, and it changes the statistics of the chain entirely
leading to e.g. swelling of chains.[8–13] Thus, the size of a real chain is larger than the ideal
chain. The excluded volume effect is often described in terms of a self-avoiding walk (SAW).
In general, Rg can be written as
Rg ∼ Nν , (1.4)
where
ν =
3
(d+ 2)
(1.5)
is the Flory exponent in d-dimensional space for SAW chains (predicted by a mean-field the-
ory). Thus, ν = 0.6 for d = 3 and it is very close to the more accurate value ν = 0.588±0.001
obtained using renormalization group technique.[14] For ideal chains we obtain ν = 1/2.
Note that real chains also behaves ideally for d ≥ 4. Equation (1.4) reflects the self-similar
nature of SAW chains.[9, 12]
Chains in solutions are interacting with the solvent molecules, and thus the chain size
depends on the solvent quality.4 For example, chains in poor solvent collapse forming a
globule, while chains are swollen in good solvents, and somewhere in between poor and good
solvent the excluded volume interaction among monomers cancel and polymer again behaves
like an ideal chain and this point is known as Θ - point/temperature, see references [8–12]
for more discussion. Interestingly, in concentrated solutions and melts the excluded volume
interaction is screened by the presence of monomers from other chains, and therefore chains
are almost ideal.[8, 13, 15, 16] In melts, the polymer concentration is so high that no solvent
molecules are present.
4Solvent quality can be varied e.g from poor to good by changing temperature.
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1.2 Block copolymers: Melt phase behavior
Polymers made by connecting two or more incompatible polymer blocks via covalent bond
are generally known as block copolymers (BCs). For example, two incompatible blocks
A and B can connect in many ways giving diblock, triblock, and branched structures as
shown in figure 1.2. Some of the polymers from which copolymers are commonly made are
poly(isoprene) (PI), poly(styrene) (PS), poly(ethylene) (PE), and poly(methyl methacry-
late) (PMMA); for example, PI-PS and PS-PMMA are diblock copolymers (DBCs). A
unique feature of BC is their ability to self-organize into many complex nanostructures
through a process known as microphase separation. Because of the self-organizing property
BCs find applications e.g. in nanotechnology.[17, 18] In our work, only DBC melts are
considered, and therefore the following discussion is mainly concerned with DBC in melt
phase.
(a) (b) (c)
diblock triblock
3-arm starblock
Figure 1.2: Cartoon of some simple block copolymer architectures formed by two type of
polymers.
In DBCs, the phase separation is driven by chemical incompatibility of A and B blocks,
but due to the connectivity of blocks macrophase separation is prohibited and thus structural
organization occurs in domains with periodicities in the range ∼ 1nm− 100nm.[19–21] The
equilibrium is determined by the balance of two terms : (1) ideal (entropic) and non-ideal
(enthalpic) contributions to the mixing free energy, and (2) chain stretching energy. Since the
molecular weight is large for polymers the ideal part of mixing energy U0 = KBT (φ ln φ)/N
can be neglected where N and φ are the number of monomers per chain and volume fraction
respectively, and KBT is thermal energy. Thus, the main contribution to mixing is the non-
ideal term U1 = χφAφBKBT (a mean-field description),[8, 9, 12] where φA and φB represents
volume fraction of A and B species respectively, and
χ ≡ z
KBT
[
εAB −
1
2
(εAA + εBB)
]
(1.6)
is the Flory-Huggins interaction parameter which determines the nature of interaction be-
tween A and B. Here, z is the coordination number, and εij is the interaction energy per
monomer between monomer i and j. When χ < 0 there is a net attraction between A and
B and thus a single-phase mixture is favorable at all compositions, and when χ > 0 there is
a net repulsion and favors demixing of A and B. During demixing DBC chains are stretched
compared to the native randomly coiled state and thus decreases the available conforma-
tions. To balance the stretching an entropic restoring force is generated by the chain and
limits the phase separation. The entropic force fe can be obtained using equation (1.2) as
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fe = dF/dR, with the free energy F given by
F
KBT
= − ln[P (R,N)] = 3
2
R2
Nb2
+ constant . (1.7)
Thus, the intricate balance of thermodynamic force (which drives the phase separation)
and entropic restoring force (tendency of returning to the native coiled state) determines
the equilibrium state.
Depending on the composition, e.g. fraction of A-species fA = NA/N , where NA is the
number of A monomers in a DBC, the equilibrium state adopt different structures. For
example, for symmetric DBC (fA = fB = 1/2) a lamellar structure is formed, and other
simple morphologies include close-packed spherical phase, hexagonally-packed cylinders. In
figure 1.3, some of the morphologies formed by PS-PI diblock copolymers are shown. At
high temperature (or small value of χ) DBC melt is in disordered state and upon cooling
ordered structures appear below the order-disorder transition (ODT) temperature TODT.
Strong and weak segregation theories describing the melt phase behavior of DBC are briefly
summarized below.
(a) (b) (c)
L HPL C
Figure 1.3: Transmission electron microscopy image of the morphologies formed by PS-PI
diblock copolymer: (a) lamellae (L), (b) hexagonally perforated lamellae (HPL), and (c)
hexagonally packed cylinders (C) (reproduced from reference [22]).
1.2.1 Strong segregation limit theory
This theory assumes that at low temperatures (large χ) the segregation of A and B domains is
strong and therefore a narrow A-B interface.[23] In this regime, chains are strongly stretched,
but the stretching is non-uniform at microdomain boundaries and this leads to an excess of
chain ends in domain interiors.[24] For a chain with N monomers and statistical segment
length b (Kuhn monomer), the free energy per chain can be expressed as
FSSL = α · (D2/Nb2) + β · (γa) , (1.8)
where α and β are constants which depend on the copolymer morphology, [24] D is the
domain period, and
γ ∼ χ1/2/b2 and a ∼ Nb3/D (1.9)
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are the interfacial tension and the area per chain respectively.[20, 25] In equation (1.8),
first term is the stretching energy and the second term represents interaction at the A-B
interface. According to this theory, the equilibrium domain period is given by
D̄ ∼ bN2/3χ1/6 , (1.10)
and the N dependence is consistent with the experimental result by Hashimoto et al..[26]
But, the theory is not valid for temperature close to TODT, and therfore the predicted phase
boundaries end at χN ≈ 100 (approx. limit for validity). The phase boundaries are obtained
by comparing the free energy between the different ordered phases or between the ordered
and disordered phases.
1.2.2 Weak segregation limit theory
This theory was developed by Leibler [27] for ordered morphologies near the transition tem-
perature. In weakly segregated phases, the A-B interface is not sharp and therefore assume
a sinusoidal type composition profile for the ordered phases. Thus, an order parameter
ψ(r) = 〈δρA(r)〉 ≡ 〈ρA(r)− fA〉 (1.11)
can be defined, where ρA(r) is the local number density of monomer A, and ψ(r) represents
the average deviation from the uniform distribution of monomer A. The free energy density
FWSL of an ordered phase (close to TODT) is then written as an expansion of the order
parameter ψ as
FWSL = F0 +KBT
∞∑
m=2
1
V
1
m!
∑
q1,...,qm
Γm(q1, . . . , qm) ψ(q1) · · ·ψ(qm) , (1.12)
where the coefficients Γm are related to the correlation functions G̃
(m), . . . , G̃(2), ψ(q) is
the Fourier transform of ψ(r) with q as the wave vector, and V represents volume of the
system. F0 is the free energy of the copolymer melt in disordered state. The main result
of this theory is the calculation of structure factor S(q), a response function related to the
density-density correlation function G̃(2) which in real space is 〈δρA(r1)δρA(r2)〉, by using
the random phase approximation and the determination of phase diagram based on the
theory. The structure factor S(q) obtained has the following form
S(q) =
N
[F (x)− 2χN ]
, (1.13)
where
F (x) = g1(1, x)/[g1(f, x)g1(1− f, x)−
1
4
(g1(1, x)− g1(f, x)− g1(1− f, x))2] , (1.14)
and g1(f, x) = 2[fx+exp(−fx)−1]/x2 is the Debye function. Here, f = fA and x = (qRg)2.
In figure 1.4, S(q) is shown for different values of χN as indicated in the figure. Equa-
tion (1.13) predicts the divergence of S(q) at a spinodal point given by 2(χN)s = F (x
∗)
and this defines the stability limit of disordered phases. According to equation (1.13) the
peak position of S(q) is independent of χN , but it is not true because peak position shifts
to a lower q value for larger χN due to the increase of domain size while going to a lower
6
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Figure 1.4: S(q) obtained in weak-segregation theory by Leibler, see equation (1.13), plotted
at different values of χN indicated in the figure, here f = 0.25.
temperature, see work by Barrat and Fredrickson [28] and the references therein.
The weak and strong segregation theories of block copolymers are unified by Matsen and
coworkers [29, 30] in the framework of self-consistent field theory (SCFT). SCFT approach
involves solving self-consistent field equations numerically without assumption like narrow
interface approximation. Here, the problem of calculating the interactions in many chain
system reduces to that of a non-interacting single chain subjected to external fields which are
obtained self-consistently with the composition profile.[31] On the left hand side of figure
1.5, the phase diagram obtained using SCFT is shown, and on the right hand side the
experimentally obtained phase diagram by Khandpur et al. [22] is displayed.
1.3 Copolymer films and effect of nanoinclusions
In thin films of DBC nanocomposite, the presence of additional competing interactions in
the system, namely, DBC/NP, DBC or NP and substrate interactions lead to a rich phase
behavior. Here, the system can be influenced in many ways, e.g changing DBC interaction
behavior with respect to NP or substrate, varying film thickness, and by changing NP con-
centration; thus, we have a large number of control parameters. The effect of confining walls
(or substrate) on DBC chain and behavior of DBC/NP interaction are briefly discussed be-
low.
Thin films of polymer melt can be made by constraining only one surface or both sur-
faces. In the former case, the other free surface interacts with air. Generally, due to the
preferential interaction of one component of DBC with the substrate there is preferential
segregation near the substrate, e.g. in a PS-PMMA diblock PMMA is always located near
the silicon substrate, while PS segregates to the air interface. In such selective substrate with
7
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(b)(a)
Figure 1.5: (a) Phase diagram obtained from SCFT calculation; Phases are - L (lamellae), H
(hexagonal cylinders), QIa3̄d (bicontinuous Ia3̄d cubic), QIm3̄m (bcc spheres), CPS (close-
packed spheres), and DIS (disordered). (b) Experimental phase diagram obtained using
PS-PI diblock copolymer, where fPI is the fraction of PI. Fig.(a) and fig(b) are reproduced
from references [30] and [22] respectively.
one free surface, formation of islands on the polymer/air interface can be seen depending
on the initial thickness of the film.[32, 33] Substrate/polymer interaction can be controlled
by chemically modifying the surface e.g. non-selective substrate can be made by coating
the surface with random copolymers.[34] In the case of non-selective surfaces, DBC chains
lie flat on the substrate. Thus, e.g. lamellae formed by symmetric DBCs orient vertically
near a non-selective substrate, and lamellae orient horizontally near a selective substrate
as shown in figure 1.6. Also see references [35–38] for more discussion on the equilibrium
orientation of confined lamellae.
The conformational statistics of polymers when close to wall is anisotropic and this give
rise to an entropic surface field as discussed by Sommer and coworkers for a symmetric DBC
melt confined between two purely repulsive walls.[39] Such entropic surface field give rise
to the preferential orientation of the microdomains relative to the confining walls. The sur-
face field can induce ordering of lamellae close to the surfaces even when the bulk is above
TODT,[40]. Moreover, for confinement at both surfaces frustration [41] which originates from
the mismatch of characteristic length scales, i.e. microdomain size and film thickness, is ob-
served.
In a DBC/NP mixture, NPs embedded in the polymer matrix can be non-selective i.e.
neutral to both the species of DBC or selective i.e. it has preferential interaction with one
species of DBC. The mixed systems behave differently depending on the type of added NPs,
see figure 1.7. In general, addition of NPs to DBC melt results in displaying new interesting
features, e.g. formation of mesophases,[42, 43] and thus open pathways to produce materials
8
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(a) (b)
selective substrate non-selective substrate
Figure 1.6: Schematic showing the orientation of lamellae when confined at both surfaces:
(a) symmetric and asymmetric selective substrate, and (b) non-selective substrate.
such as nanowires through DBC self-assembly which are very relevant to technological appli-
cations. As sketched in figure 1.7 (A), the non-selective NPs migrate to the DBC interfaces
where the polymer density is lower. Above a certain value of NP concentration the excess
NPs migrated to the polymer/substrate interface can form a dense NP layer thereby alter-
ing the surface properties, and consequently induce orientation transition e.g. horizontal to
vertically oriented lamellae.[44, 45] The non-selective NPs by segregating at DBC interfaces
screen the unfavorable A-B contacts and thus acts like surfactant molecules. On the other
hand, selective NPs are localized within a domain and the domain swells, see figure 1.7 (B),
and the position of NP localization within the domain depends on the NP size.[42, 46] The
chains in the NP selective domain are stretched to incorporate the NPs within the domain,
and for a given NP volume fraction the equilibrium structure is determined by the balance of
stretching of the blocks and A-B interface interaction. The selective NPs effectively increase
the composition of the NP selective block and thus we can see morphological transitions,
e.g. cylinders in pure DBC melt transform to lamellar structure upon adding the NPs.[43]
When the NP concentration exceeds some critical value (at fixed DBC composition) the NPs
segregate and form a NP rich domain next to the NP selective block, and such structures
are called self-assembled (SA) lamellae, SA cylinders, etc., see reference [43]. Addition of
NPs also stabilize the grain boundary morphologies.[47]
The rich phase behavior of the copolymer nanocomposites coupled with the effects on
the microdomain orientation due to the confinement gives more option to produced tailored
materials, e.g. NP decorated vertically oriented lamellae and control of lamellar orientation
via surface modification by NPs as shown in figure 1.7 (A).[44, 45]
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Orientation transition
(a) non-selective walls
(b) selective walls
Figure 1.7: Schematic showing the effect of adding (A) Non-selective NPs, and (B) Selective
NPs in the copolymer matrix. Non-selective NPs are localized at diblock interfaces and can
induce orientation transition in nanocomposite thin films. The selective NPs localized within
a domain can induce morphological transitions e.g. cylinders to lamellae upon increasing
NP concentration.
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1.4 Thesis overview
In this work, we aim to understand the behavior of thin film of copolymer nanocompos-
ites, in particular, influence of nanoinclusions on copolymer morphologies. We use both
molecular dynamics simulations and mean field calculations to study the confined system.
The topics presented in this thesis can be divided into two parts: First part deals with the
behavior of the systems in equilibrium (chapter 3 to 5), while in second part we study the
systems in non-equilibrium situation i.e. under shear (chapter 6). A short chapter-wise
overview is presented below.
In chapter 2, we present the basics of molecular dynamics simulation technique, also
description of the systems under investigation is presented. In chapter 3, we study the effect
of adding non-selective nanoparticles (NPs) in DBC thin films by considering a cylinder
forming DBC. In general, we discuss NP spatial distribution, and NP segregation or uptake
behavior, also chain properties are considered. Morphological transitions upon mixing selec-
tive NPs are discussed in chapter 4. Here, through simulations we obtain a phase diagram
in DBC composition and NP concentration plane, also we discuss NP induced lamellar ori-
entation transition and stability of lamellar phases. In chapter 5, we present a mean field
calculation to understand the role of NP in forming a commensurable (horizontally oriented)
lamellae, also transition to a polymer wetted phase is studied. Copolymer thin films under
stationary shear is presented in chapter 6 where we explore various properties of the system
such as flow behavior and macroscopic responses. We compare behavior of the systems with
and without nanoinclusions under shear. Lastly, in chapter 7 we present an overall summary
and outlook.
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Chapter 2
Molecular dynamics simulations: A
brief overview
2.1 Introduction
Today, computer simulation has become an essential tool to study complex–many-particle–
systems such as liquid, dense polymeric systems, biological systems and planetary cores
which are at different length-scale and timescale. The most commonly used simulation
techniques to study molecular/macromolecular systems are Monte Carlo (MC), Molecu-
lar dynamics (MD), Brownian dynamics (BD) and Dissipative particle dynamics (DPD)
simulations. Since its beginning in the late 1940s [1, 2] computer simulation have been
complementing experimental and theoretical studies by creating a bridge between the the-
oretical model and real experiments. Computer simulation provides a direct path from the
microscopic details of a system to macroscopic properties, e.g. equation of state, transport
coefficients, structural order parameters, etc. which are of experimental interest. Through
simulations we can understand the experimental results better, also at the same time it
checks the validity and robustness of the theoretical model.[3, 4]
The MC simulation is a stochastic method where the points in the phase space of a
given statistical ensemble is sampled by sampling the configuration space of the system. For
example, in a cluster of molecules, a molecule is randomly chosen and then gives random
displacement or orientation1, and the process is repeated many times. The quantities of
interest are then obtained by the ensemble averages, i.e. average over different configura-
tions of the system (microstates). In MC technique, extension to different ensembles are
relatively straight forward, also there is flexibility in the choice of sampling functions.[3]
The MD simulation, on the other hand, involves solving of coupled Newton’s equations
of motion (for systems with large number of interacting particles). This method explicitly
calculates all the interparticle interactions and thus the forces acting on a particle due to its
neighbors (calculated for each particle) in order to update a given initial state, i.e. positions
1Random hopping from an initial state m with energy Em to a new state n with energy En is done
according to the Metropolis rule, i.e. for transition from state m to n the transition probability p(m,n) =
exp(−β∆E) is calculated, where β = 1/KBT and ∆E = Em − En. Then a random number x ∈ [0, 1] is
generated and the new state is accepted if p(m,n) > x. [1, 3, 4]
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and momenta, to a new state of the system. Here, we get the natural time evolution of
the molecular system and thus provide the trajectory of the system in the phase space.2 In
contrast to the ensemble average in MC, the macroscopic quantities are obtained by time
averaging.3 The MD is a more suitable method than MC to study dynamical properties
of a system.[5] However, MD simulation with atomic details is limited to time scales in
the order of 100 ns. Computationally it becomes very expensive (and time consuming) to
simulate events which are at longer time scales (micro/milli- second range or beyond). Thus
simulations at larger length and time scales are performed using coarse grained methods.
The main idea in such technique is the reduction of the number of degrees of freedom by av-
eraging out the unimportant ones (coarse-graining) such that the thermodynamic and long
timescales properties of the system is preserved. The choice of an appropriate simulation
method depends on the length-scale and timescale of the problem.
In this chapter, we briefly describe the MD simulation of coarse-grained polymers. The
remainder of the chapter is organized as follows. In section 2.2, the basics of MD simulation
technique are described, and in section 2.3 the method to maintain a constant temperature
(i.e. thermostating) and pressure (i.e. barostating) during a simulation is presented. And
finally concludes the chapter with a brief summary of the systems we consider for our
investigations in section 2.4.
2.2 Coarse grained MD simulation
The first known coarse-grained simulation study uses a large assembly of gelatin balls [6]
or ball bearings [7–9] (which are macroscopic in size) representing the molecules of liquid
(i.e. hard sphere liquid model). Such mechanical simulation is not only laborious and time
consuming, but also it has many drawbacks, e.g. the effect of gravity cannot be neglected,
it cannot control the interparticle interaction potential, and the difficulty in arranging the
macroscopic particles in the same way as atoms in liquid. To overcome these limitations,
later, the physical model is replaced by the mathematical model where a computer is used to
analyze the system. Computer simulations was first applied successfully to model liquid by
Metropolis using MC method.[2] Later, MD method was used successfully for system of hard
spheres by Wainwright [10, 11] and for Lennard-Jones particles by Rahman [12, 13], and
subsequently extended to the studies of larger molecules like flexible hydrocarbons [14, 15]
and proteins [16].
To investigate the bulk properties of polymeric systems, coarse-graining of the polymer
chains are routinely applied which makes the system tractable at much larger length scales.
Coarse-graining eliminates the complexity due to local chemical structures, while the main
features are retained so as to produce the correct physical behavior. The well known earli-
est coarse-grained polymer models are freely jointed chain, freely rotating chain, hindered
rotation, and rotational isomeric state. [17, 18] In computer simulations, a simple generic
2MD simulation is a deterministic approach and therfore, in principle, a particle should follow the same
trajectory backwards upon time reversal i.e. t→ −t. However, due to the finite precision of the computers
(and in the presence of random forces like thermal noise) the time reversal symmetry is not followed strictly
in simulations.
3According to the ergodic hypothesis of statistical mechanics, an average function obtained by time
averaging is same as that obtained by ensemble averaging. However, there are systems which are not ergodic
in practice, e.g. glasses and metastable phases.[4]
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(a) (b)
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Figure 2.1: Schematic of coarse-graining of polymer chain into a bead-spring chain. Certain
number of chemical monomers are grouped (indicated by the dotted circles in fig.(a)) and
they are represented by spheres or beads of diameter σ connected by springs as shown in
fig.(b). Total mass of grouped chemical monomers are concentrated at the center of the
coarse-grained sphere. Fig.(c) show the coarse-grained chain at larger length scale.
model where a polymer chain is represented by beads connected by springs is widely used to
study the universal properties of polymers that is independent of local chemical structure.
As shown in figure 2.1, a group of chemical monomers is replaced by a single bead/sphere
of diameter σ which is determined by the local structural properties and the desired level
of coarse-graining. The beads are then connected by springs, and thus the chain looks like
a string of beads. If the bead diameter σ is equal to the Kuhn length then the resulting
bead-spring chain is a fully flexible chain. It is well known that the finite-extensibility of
polymer chains plays an important role in determining the rheological properties of poly-
mer, [19–21] and thus, in general, finitely extensible springs are used. A detailed study on
the coarse-graining of polymers into bead-spring chains is presented in the reference [22].
In this work, we use finitely extensible nonlinear elastic (FENE) model of the polymer
chains to study polymer melts under equilibrium and non-equilibrium conditions. In the
remainder of the thesis, otherwise stated clearly, monomer means coarse-grained monomer.
The intermolecular and intramolecular interaction potentials are described in the following
section.
2.2.1 Interaction potential
The interaction potential of a coarse-grained bead-spring chain can be written as the sum
of two parts, i.e. U = ULJ + UFENE , where ULJ is the Lennard-Jones (LJ) soft-sphere pair
potential and UFENE is the FENE potential for the monomers connectivity.
The spherically symmetric LJ potential (with both the short range repulsive and long
range attractive parts) is expressed as follows
ULJ = 4ε
[(σ
r
)12
−
(σ
r
)6]
, (2.1)
where r, σ, and ε are the separation between a pair of monomers, monomer diameter, and
interaction strength respectively. This potential acts on all the possible pairs of monomers
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in the system, also it controls the excluded volume of the chain. However, in practice, the
eqn.(2.1) is modified to speed up the simulation, and it is written as a ’shifted-force (SF)
potential’ shown below.
USF
LJ
=
{
ULJ(r)− U cLJ − (r − rc)
[
d
drULJ(r)
]
r=rc
, r ≤ rc
0 , r > rc
(2.2)
Here, U c
LJ
is the ULJ at r = rc, where rc is the interaction cut-off radius. The third term
on the rhs of shifted-force potential expression makes sure that the force goes smoothly to
zero at the cut-off rc. [3, 23, 24] Attractive or repulsive behavior between different monomer
types, e.g. in block-copolymers, can be simulated by providing different cut-off radius.
The connection between the neighboring monomers in a chain is modeled by the FENE
potential (which is a modified harmonic potential), and it is defined as
UFENE =
{
−kR
2
0
2 ln
[
1− (r/R0)2
]
, r < R0
∞ , r ≥ R0
(2.3)
where r is the separation between a monomer and its neighbor in a chain. The value
of spring constant, k, and the maximum extension between two adjacent monomers in a
chain, R0, are fixed at 30ε/σ
2 and 1.5σ respectively. The choice of these parameters values
avoids bond crossing and high frequency modes. [25, 26] In figure 2.2, we display the LJ-
potential, FENE-potential and the combined potential as a function of separation between
two monomers.
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Figure 2.2: Magnitude of the LJ potential, FENE potential, and that of the combined
(LJ+FENE) under the variation of distance between two monomers r normalized by the
monomer size σ. LJ potential acts on all the possible pairs of monomers, while the LJ+FENE
potential acts only between a monomer and its immediate neighbors along the chain.
All the quantities reported in this thesis are in LJ reduced units, i.e. all quantities are
unitless. Using the mass m0, distance σ0, and interaction strength ε0 of a specified material
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we can convert the simulation results into the corresponding physical quantities. Below we
show the relation between some of the reduced quantity (with an asterix) and the same
quantity with units.
distance, r∗ = r/σ0 ,
time, t∗ = t
(
ε0
m0σ20
)1/2
,
energy, E∗ = E/ε0 ,
force, f∗ = f(σ0/ε0) ,
temperature, T ∗ = T (KB/ε0) ,
pressure, P ∗ = P (σ30/ε0) ,
density, ρ∗ = ρ σd0 .
Here, d is the value of physical dimensions. The value of m0, σ0, ε0 and the Boltzmann
constant KB is set to unity. And the value of mass, distance, and energy used in our
simulations are multiples of m0, σ0, and ε0. For simplicity, while writing the reduced
quantities we drop the asterix.
2.2.2 Equations of motion
For a system of N particles interacting via a potential U , the equations of motion can be
written either in Lagrangian form or in Hamiltonian form.[27] The Lagrangian equation of
motion takes the following form
d
dt
(
∂L
∂q̇k
)
− ∂L
∂qk
= 0 , (2.4)
where the Lagrangian L is a function of both the generalized coordinates qk and their time
derivatives q̇k, and it is defined as L = K −U . Here, K and U are the kinetic and potential
energy respectively. Thus, for the system of interacting particles with Cartesian coordinates
ri, equation(2.4) gives the following equations of motion
mir̈i = fi , (2.5)
where mi is the mass of i
th particle, and
fi = OriL = −OriU (2.6)
is the force acting on that particle. As we can see, equation(2.5) involves solving of 3N
second-order differential equations. On the other hand, the Hamiltonian form of the equa-
tions of motion is defined by the following pair of equations
q̇k = ∂H/∂pk , and
ṗk = −∂H/∂qk , (2.7)
where pk = ∂L/∂q̇k is the generalized momentum conjugate to qk. The Hamiltonian H is
defined as H(p,q) =
∑
k q̇kpk − L(q, q̇). Thus, in Cartesian coordinates, the Hamilton’s
equation leads to
ṙi = pi/mi , and
ṗi = −OriU = fi . (2.8)
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Here, in contrast to equation(2.5), the solution involves solving 6N first-order differential
equations.
2.2.3 Integrating the equations of motion
The solution of the equations of motion, eqns.(2.5) or (2.8), can be obtained by the finite
difference method of solving ordinary differential equations. In general, the Gear’s predictor-
corrector algorithm [28] and Verlet algorithm [29] are used to obtain the solutions, and the
idea is to obtain new positions, velocities, etc. of a system of particles at time t+ δt using
the information (positions, velocities, accelerations, etc.) at earlier time t. The time-step δt
is taken to be smaller than the typical time a particle takes to travel its own length.
The predictor-corrector algorithm involves the prediction of new positions, velocities,
accelerations, etc., at time t+ δt which is followed by the correction of the predicted values
before updating. The Verlet algorithm, on the other hand, directly solves the second-order
equations of motion, eqn.(2.5), using the information from the current and previous time
steps to update the system. Modifications to the basic Verlet scheme are made to improve
the way of handling velocities, and this leads to algorithms such as ’leap-frog’ [30] and
’Velocity-Verlet’ [31]. These algorithms, compared to the predictor-corrector, are easier to
implement and require less storage memory. The velocity-Verlet scheme is the most widely
used one due to its numerical stability, simplicity, and straightforward while implement-
ing. [3] All the mentioned integration schemes are based on single time-step δt; however, use
of multiple time-step [32] is also shown to be efficient. In the multiple time-step approach,
different integration time-steps are used in two different regions around a particle: shorter
time-step in the primary region (r ≤ rp), while a larger time-step for the secondary region
(rp < rs ≤ rc). However, in our simulations, we use the velocity-Verlet integration scheme
as shown below.
In velocity-Verlet, the new positions and velocities at time t+δt are given by the following
expressions
r(t+ δt) = r(t) + δtv(t) +
1
2
δt2a(t) , (2.9)
v(t+ δt) = v(t) +
1
2
δt [a(t) + a(t+ δt)] . (2.10)
Here, the algorithm only requires storage of positions r, velocities v and accelerations a
(= f/m, see eqn.(2.5)), and all stored at the same time t, also it minimizes the round-off
error.[3]
2.3 Thermostating and Barostating
In real experiments, the sample under investigation is in contact with a heat bath which
maintains the temperature of the system, also most experiments are performed under con-
trolled pressure which allow the sample to change its volume to attain equilibrium. For
instance, in order to study the effect of changing composition on the properties of a system,
e.g. structural changes, one need to adjust volume while keeping the pressure constant.
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Like in real experiments, it is possible to simulate a model system under controlled tem-
perature and pressure (constant-NPT ensemble) or under controlled temperature at fixed
volume (constant-NVT ensemble). The use of constant-NVE ensemble (microcanonical) is
very rare. Simulations at constant NVT/NPT ensembles (canonical) can be achieved in two
ways: (1) reformulation of the Lagrangian equations of motion (i.e., extended Lagrangian
method introduced by Andersen [33]), and (2) mixing Newtonian MD with certain MC
moves.[3, 4] In this section, we will describe some of the standard methods used for ther-
mostating and barostating. In particular, we will explain briefly the Nosé-Hoover and DPD
thermostats, and Nosé-Hoover barostat which we use in our simulations.
2.3.1 Constant temperature simulations
Nosé-Hoover thermostat
The Nosé-Hoover (NH) thermostat is based on the extended Lagrangian approach where
a heat bath coupled to the system is represented by introducing artificial coordinates and
velocities into the original Lagrangian. The energy is allowed to flow from the reservoir to
the system and vice-versa. The NH thermostat is a time-reversible deterministic method
in which the system is coupled to one additional degree of freedom ξ.[34, 35] Here, ξ is like
friction coefficient which varies so as to constrain the temperature T to a constant value.
For a system of N interacting particles enclosed in a box of fixed volume V, the equations
of motion in equilibrium obtained by this method are
ṙi = pi/mi , (2.11)
ṗi = fi − ξpi , (2.12)
ξ̇ =
1
Q
(∑
i
p2i
mi
− fnNKBT
)
. (2.13)
Here, fn and Q are the number of degrees of freedom and the coupling constant respectively.
The parameter Q is like thermal inertia and it controls the rate of thermostating. A small
value of Q corresponds to the low inertia of heat bath which leads to rapid fluctuation of
temperature and the fluctuation decreases with increasing Q. In equilibrium, the distribu-
tion of ξ is Gaussian with zero mean and variance < ξ2 >= KBT/Q. From the kinetic energy
fluctuation one can see that ξ̇ has vanishing mean and variance < ξ̇2 >= 2fnN(KBT )
2/Q.
A typical time scale for the variation of ξ is then given by
τ =
(
< ξ2 >
< ξ̇2 >
)1/2
=
(
Q
2
fnNKBT
)1/2
. (2.14)
Thus, an efficient equilibration requires that τ matches typical atomic timescales. The NH
thermostat is based on the global feedback mechanism and, in general, it is not able to
produce the hydrodynamic effects correctly. In the following, we discuss DPD thermostat
that produce hydrodynamic effects correctly which is necessary if one wish to study the
hydrodynamic behavior of complex fluids.
DPD thermostat
Dissipative particle dynamics is a stochastic method which was originally developed to sim-
ulate fluids on mesoscopic scales with correct hydrodynamic interactions. [36–38] DPD has
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been applied successfully as a thermostat to MD simulations.[39–41] Here, we summarize
the essentials of the DPD thermostat.
The idea is to couple all the particles to a viscous background and a stochastic heat bath.
Here, the friction does not dampen the absolute velocities of each particle, but rather the
difference in the velocity between a particle and its neighbors. Thus, the method is sensitive
to the velocity gradients and is consistent with the hydrodynamics. Also, the stochastic
forces act on pairs such that the Newton’s third law is satisfied. As a result, the system
satisfies the basic requirement to produce correct hydrodynamic effects, i.e. locality and
momentum conservation [42]. The equations of motion in DPD are
ṙi = pi/mi , (2.15)
and the total force f tot on a particle is given by
f toti = ṗi =
∑
i 6=j
fCij +
∑
i 6=j
fDij +
∑
i 6=j
fRij . (2.16)
Here, fCij , f
D
ij and f
R
ij are the conservative (see eqn.(2.6)), dissipative and random forces
respectively which acts between a pair of particles ij. In order to use DPD as a thermostat
in conjunction with Newtonian MD, the conservative force fC has to be neglected. The
dissipative and random forces which depend on the relative position, rij ≡ ri − rj , and
velocity, vij ≡ vi − vj , are given by the following expressions [37]
fDij = −ΓωD(rij)(eij · vij)eij , (2.17)
fRij = ξωR(rij)eijζij , (2.18)
where rij =|ri − rj | and eij =|ri − rj |/rij is the unit vector from the jth to the ith particle.
Here, the weight functions ωD and ωR provide the range of interaction for dissipative and
random forces respectively, and it vanishes for rij beyond a cut-off radius rc. The parameters
Γ, ξ, and ζij are the friction coefficient, amplitude of the noise, and the Gaussian white-noise
respectively. The noise ζ has the following stochastic properties
< ζij(t) > = 0 , (2.19)
< ζij(t)ζkl(t
′) > = (δikδjl + δilδjk)δ(t− t′) , (2.20)
and ζij = ζji which ensures that the total momentum is conserved. Furthermore, in order
to satisfy the fluctuation-dissipation theorem the relations
ωR(r) = ω
1/2
D
(r) , and (2.21)
ξ = (2KBTΓ)
1/2 (2.22)
must hold, and the usual choice is
ωD = ω
2
R
=
{
(1− r/rc)2 , r < rc
0 , r ≥ rc
Thus, the use of DPD thermostat ensure strict Galilean invariance and correct hydrody-
namics.
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2.3.2 Constant pressure simulations
Nosé-Hoover barostat
In this approach, the action of a piston to maintain constant pressure (and hence adjust
the volume) in real systems is simulated by coupling the system to an external variable V
(volume of the simulation box) and treating V as a dynamical variable. In order to simulate
isothermal-isobaric systems, reduced coordinates s = q/V 1/3 (in 3-dimension), external
pressure Pext and the relaxation time tp of pressure fluctuation.[35] The equations of motion
for this extended system are
ṡ =
p
mV 1/3
, (2.23)
ṗ = f − (χ+ ξ)p , (2.24)
ξ̇ =
1
Q
(∑
i
p2i
mi
− dKBT
)
, (2.25)
χ = V̇ /3V , (2.26)
χ̇ =
(P − Pext)V
t2
p
KBT
, (2.27)
where P = (NKBT/V +
1
3V
∑N
i=1 ri · fi) is the instantaneous pressure of the system. Using
these equations of motion we can drive the system to a desired pressure Pext, and thus
achieve a constant-NPT ensemble.
2.4 Description of systems under investigation
In this work, we consider thin films made of a mixture of A-B diblock copolymers (DBCs)
and nanoparticles (NPs). For the chains, we consider the coarse-grained bead-spring model
described in the section 2.2, while the NPs are modeled by non-connected beads with diam-
eter two times that of a single bead. Each DBC chain has N (=48) beads and the number
of chains M vary from 1250-5000 in our simulations. The fraction of A (or B) and the total
amount of nanoparticles are also varied. The immiscibility between the A and B blocks
which drives the microphase separation in DBCs is introduced by keeping a purely repulsive
interaction between the unlike species A and B, and the attractive interaction between the
like species A-A or B-B.4 In figure 2.3, we show a sketch of a mixture of DBCs and NPs
confined by two parallel walls. To run the simulations, we use a highly parallelized MD
simulation package LAMMPS.[43] In the following, we shall describe the steps we followed
for preparing thin films, also the method by which we establish a shear flow in such thin
films.
2.4.1 Thin film preparation
In order to prepare thin films, first we create two parallel walls located at z = 0 and
z = Lz. Here, the system is non-periodic along the Z-direction due to the presence of walls,
while the X and Y directions are periodic. Now, we prepare DBC/NP mixtures of desired
4The exact values of rc and interaction strength ε are mentioned in the section ”Model and Simulation
details” in the following chapters.
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AB
NP
(a) (b)
W
W
Figure 2.3: (a) Diblock copolymers and nanoparticles mixture confined by the two parallel
walls labeled W, and (b) zoom in of the dotted region in fig.(a) to show the size difference
between monomer and nanoparticle.
composition by generating DBC chains and NPs within the confined volume. Initially, we
consider a large wall separation by keeping the lateral extensions fixed, therfore the initial
mixture is at low density. The walls are then slowly compressed until the system reaches
melt density. Alternatively, instead of moving the walls, we can also fix the wall separation
and apply high pressure in the X and Y directions to reach the desired melt density. In the
later case, the system adjusts its lateral extensions of the primary cell5 to give the right
density. First, the system is heated to a very high temperature where it is in disordered
state, and then it is cooled down to a temperature where it can form ordered structures.
The samples in the ordered state are relaxed long enough to perform measurements. In our
simulations, two types of walls are considered: (1) an imaginary wall in which monomers
and NPs feel the presence of a wall via interaction with the planes at z = 0 or Lz, and
(2) explicit atom walls where the walls are made of fixed spherical monomers arranged in
2d square lattice with nearest neighbor distance equal to monomer diameter. Both types
of walls interact with the confined monomer/NP through LJ-potential. More details, e.g.
rate of cooling, MD integration timestep, interaction parameters, etc., are given later in the
chapters.
2.4.2 Shear of thin films
One simple way to introduce shear for simple Couette flow is to modify the periodic boundary
conditions known as Lees-Edwards (LE) boundary conditions [44]. Consider a shear flow
along the X-axis and velocity gradient along the Z-axis, then the shear rate γ̇ is defined as
γ̇ =
∂vx
∂z
, (2.28)
with vy = vz = 0. In this approach, a linear velocity profile is assumed and therefore the
velocities of molecules belong to different XY planes at different Z values are adjusted ac-
cordingly to follow the linear flow profile. Also, the velocity and position of any particle
which leaves the simulation box at the top (Z-direction) and reenters at the bottom or vice-
versa are adjusted to follow the linear flow profile. The disadvantage of this method is that
5The primary cell is the original cell/box containing all the simulating particles and whose exact replicas
surround itself to simulate an infinite system, see references [3, 4]
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the position at which there is jump in the velocity and position of a particle is well defined
and hence breaks the translational invariance along the Z-axis. On the other hand, SLLOD
algorithm, another popular method, circumvent the problem of violating translational in-
variance by creating the effect of imposed shear to be smeared out homogeneously along
the Z-axis.[45] The drawback of SLLOD algorithm is that a linear flow profile is enforced
to the system, however, many complex fluids can break the translational invariance along
Z-axis spontaneously due to hydrodynamic instability (”shear-banding”). Also see the ref-
erence [39]. Both the methods require the incorporation of flow field in the equations of
motion.
v
-v
Lz
Figure 2.4: Shear of DBC thin film : Constant velocities v and −v are applied to the walls
in order to produce a shear flow.
In our simulations of copolymer thin films, we introduce a shear flow without modifying
the equations of motion. As shown in figure 2.4, we use explicit atom walls and by applying
a constant velocity v and −v along the X-axis on the upper and lower walls respectively
(similar to real experiments). Due to the drag of materials by the moving walls the system
establish a flow field, and since we do not modify the equations of motion the system is
expected to display the correct flow behavior. Such drag-induced flow between parallel flat
walls (or between concentric rotating cylinders) is known as the Couette flow. The applied
shear rate in this case can be written as
γ̇ = vrel/Lz , (2.29)
where vrel = 2v is the relative velocity between the upper and lower walls, and Lz is the
separation between the walls.
During the shear there is influx of energy and the system gets heated. The heat pro-
duced due to the friction is removed locally by using DPD thermostat. As discussed in
the subsection 2.3.1, DPD thermostat satisfy the conditions, i.e. locality and momentum
conservation, which is required to produce correct hydrodynamics. The exact parameter
values used for the thermostat is given later in the chapter.
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Chapter 3
Diblock-copolymer and
nonselective-nanoparticle mixtures
3.1 Introduction
With the advancement of thin film technologies polymer based thin films with or with-
out nano-inclusions find applications in modern devices such as sensors, organic electron-
ics/photovoltaics, surface modifications, nanolithography, etc. [1–6]. Control of morphology
and positioning of nano-inclusions at the right place in the polymer matrix is essential to
achieve the desired properties [7]. Use of block copolymers are favored with respect to ho-
mopolymers because of their ability to self-organize into various equilibrium structures at
nanoscales thus allowing better control over spatial distribution of nanoinclusions [8]. For
example, the performance of bulk heterojunction solar cells can be affected by the nanoscale
morphology [9, 10]. Structural disorder in bulk heterojunctions (due to the random phase
separation of donor and acceptor) can be removed by using block copolymers which can
act as both active materials and structure directors [2]. And thus giving a semiconductor
block copolymer nanocomposites with well defined stable internal structure [11], and the
device, in principle, can attain higher performance. Therefore, it is necessary to be able to
control the internal structures in a desired way to enhance the device performance. On the
other hand, viewed from the fundamental aspects copolymer nanocomposites represent an
interesting system to explore.
Recent studies on DBC-NP thin films show new self-assembled structures induced by
NPs [12–16]. Segregation of non-selective NPs at the diblock interfaces as well as at the wall-
polymer interfaces are observed. NPs are localized within a domain in the case of selective
NPs. Chiu et al. [17] illustrated experimentally that location of NPs in a DBC-NP thin film
can be controlled by properly tuning the surface affinity of NPs. Surface affinity of NPs are
tuned experimentally by either coating them with a mixture of ligands or random copoly-
mers. Random copolymer coated NPs behaves like surfactants i.e. non- selective and localize
at the diblock interfaces [17]. Lee, Shou and Balazs have studied DBC-NP thin films using
a method which combines SCFT and density functional theory(DFT) [12]. It is observed
that in such thin films a polymer-induced depletion attraction drives the non-selective NPs
to the walls. Also, the localization of the NPs at diblock interfaces forming a NP decorated
structures (lamellae) are observed. On the other hand, a recent DFT based calculation of
29
3. Diblock-copolymer and nonselective-nanoparticle mixtures
a confined homopolymer/NP mixtures under athermal condition showed that formation of
NP layer in the wall-polymer interface corresponds to a first order transition [18]. But, for
DBC-NP thin films we find no systematic study to determine the order of NP layer forma-
tion transition. Moreover, direct simulation studies of mixtures of diblock-copolymers and
NPs are rare.
In this chapter, using MD simulations, we explore the consequences of adding non-
selective NPs in DBC thin films within the range of stability of the cylindrical phase in a
slit-like geometry. Two types of non-selective NPs will be considered for our studies. In
particular, we study the NP spatial distribution within the copolymer morphology, segrega-
tion of NPs at the interfaces, and the dependence of these properties on temperature and
NP concentration. Also, the effect on the average shape and size of the copolymer chains
are discussed.
3.2 Model and simulation details
We consider the coarse-grained bead-spring model of polymer chains (see section 2.2) using
the Lennard-Jones (LJ) potential for the pairwise interactions and FENE potential for the
chain connectivity, see equations (2.2) and (2.3) respectively of the previous chapter. We
introduce A-B diblock copolymers of chain length N = 48 along with NPs in a film of
thickness 50σ, and the number of chains ranging from 2500 - 5000. Both the symmetric and
asymmetric DBCs are considered. We define the fraction of A-species (the minority fraction
in our study) in the chain by
f = NA/N , (3.1)
where NA is the number of A-monomers in a chain. For asymmetric DBC, we choose
NA = 11 and thus f ' 0.23 leading to a cylindrical morphology in the microphase separated
state. All monomers have a diameter of σ = 1 and mass m = 1, while NPs have a diameter
of σp = 2σ and mass mp scales as cube of diameter. The interaction strength, ε = 0.5,
is same for all the interactions present in the system. With this choice of ε (=0.5) we get
order-disorder transition temperature TODT ' 3.125 for our reference system.1 A pure DBC
thin film (Φp = 0) of thickness 50σ is considered as our reference system. It is important to
note that the choice of ε is according to our convenience. The total amount of NPs present
in the system is quantified by an overall volume fraction of NPs defined as
Φp =
π
6
(Npσ
3
p/V0), (3.2)
where V0 =
π
6 (Npσ
3
p +Nmσ
3) is the total occupied volume; Np and Nm are respectively the
total numbers of NPs and monomers present in the system. In our simulations, we vary Φp
in the range Φp = 0.0− 0.4.
A-B interaction is modeled by a purely repulsive LJ potential (cut-off at the poten-
tial minimum, rc = 2
1/6σ) while allowing some attraction between the like monomers
1Weak segregation theory (see section 1.2.2 of chapter 1) predicted that the peak of structure factor
S(q∗), increases on approaching ODT from the disordered phase and diverges at ODT (spinodal point). So,
we can roughly estimate TODT from the plot of S(q
∗)−1 against 1/T by a linear extrapolation of S(q∗)−1 to
zero.
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Table 3.1: Interaction range among the species
Interaction between Cut-off radius (rc) Nature of interaction
A - B 21/6 × 1.0 repulsive
A - A or B - B 2.5× 1.0 attractive
A - NP or B - NP 2.5× 1.5 (thermal NP) attractive
21/6 × 1.5 (athermal NP) repulsive
NP - NP 21/6 × 2.0 repulsive
A or B - Wall 21/6 × 0.5 repulsive
NP - Wall 21/6 × 1.0 repulsive
(rc = 2.5σ), see equation (2.1). For non-selective NPs, we studied the following two cases
: (1) purely repulsive and (2) slightly attractive. The first and second case corresponds to
an effective poor and good solvent condition with respect to the NPs already noted above.
In both cases, there is no energetic preference for NPs to either species of the diblock. We
refer to the first case as athermal and to the second case as thermal. The subtle point is
however the attraction of monomers in the phases which makes the NP effectively repulsive.
The LJ hard walls interact with the monomers and the NPs by a purely repulsive 12-6 LJ
wall potential.2. In Table 3.1, we summarize the different cut-off radii for interaction among
the different species.
A constant NPT-ensemble simulation is performed with periodic boundary conditions
along X and Y directions, while the Z direction is non-periodic due to the presence of walls.
Nosé-Hoover thermostat and barostat are employed to maintain a constant temperature and
pressure of the system. To simulate the thin films in melt condition, we apply a pressure of
P = 5ε/σ3 [19] in X and Y directions. The MD integration time step used is δt = 0.005τLJ ,
with τLJ = σ
√
m/ε. All the physical quantities used here are in LJ units (see section 2.2.1).
In studying systems with athermal NPs, we consider both the asymmetric (f ' 0.23) and
symmetric DBC, while only the asymmetric DBC is considered for the thermal NP case. For
all the systems, a disordered state is first prepared using a purely repulsive interaction among
the different species. Then introducing attractive interactions (according to Table 3.1) we
relaxed the systems at a sufficiently high temperature (T = 3.5) which is above the TODT
of our reference systems. Relaxed samples are then cooled continuously to a temperature
(T = 1) well below TODT. Typically, the systems are relaxed at a given temperature for
about 3−5×106 MD steps which roughly corresponds to 25−45τ , where τ is the relaxation
time of end-to-end vector autocorrelation of a chain in melt. Cooling of the samples by one
unit of temperature is performed using 1×107 MD steps. We use LAMMPS [20] to perform
MD simulations and the configurations are visualized using VMD [21].
To study the confined DBC/NP mixture we subdivide the film into three different regions
- Surface, Intermediate and Bulk, see figure 3.1, and study changes in the respective regions.
The surface region extends a distance of σp from the walls, and the intermediate region
extends for 4σp from the first monolayer. The bulk region is the region which is beyond a
2The cut-off radius for LJ interaction depends on the particle size as rc = 2
1/6σeff, where σeff is the
distance of closest approach between particles. Thus, we provide different cut-off radii for the monomer-wall
and NP-wall interactions, see Table 3.1. In this way, the monomers and NPs irrespective of having different
sizes feel a repulsion only when they touch the walls.
31
3. Diblock-copolymer and nonselective-nanoparticle mixtures
Figure 3.1: Sketch showing Surface, Intermediate and Bulk regions of the confined DBC/NP
mixed system. Surface is the region within a distance of σp from the wall and Bulk is defined
as the region beyond 5σp from the walls.
minimal distance of 5σp from the walls.
3
3.3 Athermal case : nanoparticle segregation and clustering
For athermal NPs in cylinder/lamellae forming DBC matrices, we consider a fixed NP vol-
ume fraction of Φp = 0.143. Our systems consists of 5000 chains and 5000 NPs confined
between two LJ hard walls. Snapshots of relaxed samples at T = 1.5 are displayed in fig-
ure 3.2.
It has been shown theoretically and in previous simulations that DBC chains in mi-
crophase separated state are stretched [22–24]. This stretching contributes to an entropic
force pushing nano-particles out of the copolymer phases. Interfaces in the phase-segregated
state attract non-selective NPs (as non-selective solvent) both enthalpically (compatibaliz-
ing effect) and entropically (less excluded volume). For the non-selective case the interaction
between the monomers and the NPs as well as the entropy of mixing further contributes to
the free energy balance. For our DBC-model, the athermal case corresponds to a positive
effective interaction between NPs and monomers. Thus, the polymer matrix can be consid-
ered as a poor solvent for NPs and at a certain value of control parameters (T and Φp), NPs
are expected to segregate from the matrix. As displayed in figure 3.2, NPs are preferentially
located at AB- interfaces and segregated at the film surfaces. Formation of NP droplets
(”nano-droplets”) are also observed in both the symmetric and asymmetric DBC cases.
We show the 3d radial distribution function, g3(r), for NPs in the bulk region in fig-
ure 3.3(a). For NPs in the asymmetric DBC matrices, f = 0.23, the 2nd and 3rd order peaks
of g3(r) are well developed. In comparison, the 3
rd order peak is almost absent for NPs in
the symmetric DBC matrices, f = 0.5. Thus, from the inspection of g3(r) we can conclude
that the average radius of nano-droplets is ∼ 3σp for f = 0.23. The average size of nano-
droplets in a symmetric DBC matrices is slightly smaller. This size difference is consistent
3The distance used to define bulk is estimated from our reference systems at T ' 1.0. It corresponds to
the distance at which the influence of a wall on the component normal to the wall of the radius of gyration
of polymer chains vanishes.
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Figure 3.2: Athermal NPs in lamellae (a) and cylinder (c) forming DBC matrices under
confinement at T = 1.5 and Φp = 0.143. In (c) the minority component of DBC and NPs
are shown. In (b) and (d) only NPs are displayed to see nano-droplets in the polymer
matrices.
with our visual inspection also (see fig. 3.2). Moreover, the presence of a peak at r/σp ∼ 13
for f = 0.23 implies an average separation of nano-droplets. The peak is absent for NPs
in symmetric DBC matrix indicating a broad distribution of distances between the nano-
droplets, see inset of fig. 3.3(a). Further, for NPs in the asymmetric DBC matrix, a direct
calculation yields value of the averaged radius of gyration of nano-droplets of Rg ' 3.25σp
and an averaged center of mass separation between the nearest neighbor droplets of 16.33σp.
Thus, the direct calculated values of Rg and center of mass separation of the nano-droplets
are consistent with our analysis of g3(r). Therefore, we conclude an increased tendency for
formation of nano-droplets in asymmetric DBC matrices as compared to the symmetric case.
In figure 3.3(b), we display the 2D radial distribution function, g2(r) for NPs in the
surface region. The regular peaks at r/σp = 1, 2, 3, etc. are commonly observed in hard
sphere fluid simulations indicating a fluid-like phase formed by the segregated NPs [25].
However, there is no difference in g2(r) for NPs in symmetric and asymmetric DBC matri-
ces.
NPs are observed to be localized preferentially in the AB-interfaces. The role of diblock
interfaces for the localization of NPs has been analyzed as follows: We construct a histogram
of the number of direct contacts, Nc, of a given monomer index with NPs. In figure 3.4,
we display the monomer index histogram for NP contacts in the cylinder/lamellae forming
DBC matrices. In both the cases, the histogram has a prominent peak in the region where
the monomer indices belong to the AB- interface. This is a clear indication that the nano-
droplets preferentially grow at the AB-interfaces.
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Figure 3.3: Comparison of NP radial distribution function for NPs in the asymmetric (f =
0.23) and symmetric (f = 0.50) DBC matrices at Φp = 0.143 and T = 1.5. (a) 3d pair
correlation functions, g3(r), in the bulk region; (b) 2D pair correlation functions, g2(r), in
the surface region.
3.4 Thermal case : role of interfaces
In simulating systems with thermal NPs, we considered cylinder forming DBC chains only.
In total, 2500 chains were simulated, and we varied the amount of added NPs. Unless nec-
essary, we will drop the term ”thermal” in the rest of this section. All the basic parameters
such as interaction strength, masses, chain length and film thickness remain unchanged.
Since σp = 2σ, and NP-NP interactions are purely repulsive, the monomer-NP interactions
have the largest interaction range (see Table 3.1). Thus, the effective pairwise interaction
between monomers and NPs is slightly negative. Therefore, the polymer matrix can be
considered as an effective good solvent for the NPs.
In figure 3.5(a)-(d), we show snapshots of DBC/NP mixtures relaxed at T = 1.0 for
different values of Φp. In contrast to the athermal NP case, formation of NP droplet is not
observed (compare fig. 3.2 and fig. 3.5). The NPs are driven to the diblock interfaces as
well as to the polymer-wall interfaces. In this section, we will study the segregation and
uptake behavior of nanoparticles, also the role of interfaces will be discussed by calculating
the appropriate physical quantities.
3.4.1 Nanoparticle segregation and uptake
We define the uptake of NPs at the surface and in bulk by
φs = Ns/Np , and φb = Nb/Np (3.3)
respectively. Here, Nb is the number of NPs in the bulk region. The fraction of NPs in the
intermediate region is given by 1-(φs + φb).
For a fixed value of temperature both φs and φb display a non-monotonic behavior if Φp
is increased, see figure 3.6 (a) and (b). The surface fraction, φs, at T = 1.0 and T = 2.0 is
displayed in figure 3.6(a). For both values of temperature, a maximum can be observed at
Φp ' 0.143. At low temperature (e.g. T = 1.0) we observe a sharp rise in φs for Φp ≥ 0.1
followed by a nearly linear decrease as no more NP can be accommodated in the surface
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Figure 3.4: Monomer index histogram of NP contacts at T = 1.5 and Φp = 0.143 for (a)
f = 0.23, and (b) f = 0.50. Region enclosed by dotted lines belongs to the diblock interface
and Nc is the number of direct contacts between monomers and NPs.
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Figure 3.5: Thermal NP and DBC mixtures in the ordered state at different values NP
concentration (Φp shown in percent) and T = 1.0. NPs are localized at the diblock interfaces.
For clarity, we have shown only the minority component A-block (red) and NPs (blue).
region. For T = 2.0 a smoother behavior is displayed. Here, the saturation is not yet
observed, see figure 3.7, and the maximum may be related with the increasing effect of
excluded volume interactions between the hard spheres (higher virial coefficient) at higher
concentrations.
The bulk fraction, φb, at constant temperature is shown in figure 3.6(b). Here, a min-
imum is observed at Φp ∼ 0.25. Initial drop in the bulk fraction is directly related to the
segregation of NPs in the surface region. The increase of φb for Φp > 0.25 would correspond
to NPs filling up the bulk region due to addition of NPs.
The surface fraction at constant overall NP density shows a monotonic decrease with
increasing temperature, figure 3.6(c). Interestingly, the bulk fraction, φb, displays a non-
monotonic behavior as a function of temperature as shown in figure 3.6(d). At higher
35
3. Diblock-copolymer and nonselective-nanoparticle mixtures
 0.06
 0.08
 0.1
 0.12
 0.14
 0  0.2  0.4
Φp
φs
(a) T=2.0T=1.0
 0.48
 0.5
 0.52
 0.54
 0  0.2  0.4
Φp
φb
(b)
 0.04
 0.06
 0.08
 0.1
 1  1.5  2  2.5  3
T
φs
(c)
Φp=0.077
Φp=0.250
 0.48
 0.5
 0.52
 0.54
 1  1.5  2  2.5  3
T
φb
(d)
Figure 3.6: Fraction of NP at the surface φs and in bulk φb shown as a function of Φp at
fixed T (fig. (a) and (b)), and as a function of T at fixed value of Φp (fig. (c) and (d)).
Arrow in fig. (d) indicates the shift of the minimum.
temperatures, for T > 1.5 (Φp = 0.25), the uptake of nano-particles in the copolymer film
decreases with decreasing temperature, while at lower temperatures, for T < 1.5 (Φp = 0.25),
the uptake is increasing again when temperature is decreased. Using a simple mean-field
model of a polymer brush with attractive NPs (see subsection 3.7.1) we can qualitatively
explain this behavior. Here, we use the analogy of polymer brush and DBC in strong segre-
gation limit as considered previously in studying density distribution of NPs and influence
of NPs upon lamellar thickness and elastic constants of DBC [26]. Using this model, we
obtain for the fraction of NPs inside the brush, φb, in the limit φb  1 as
φb ∼ exp
[
vp
(
χp − ω2/3
)]
(3.4)
where, effective monomer-NP interaction parameter, χp ∼ εp/T , has been introduced which
is given by longer range of NP interaction, as discussed in section 3.2. Furthermore, we
define ω =
(
χ1/2/N
)
with N being the chain length and vp is volume of a NP in units of
the monomer’s volume. In the limit of large N the elastic contribution is small compared
to enthalpic contribution and an exponential uptake of NPs can be expected. Our model
predicted a minimum of the uptake as a function of temperature as has been displayed in
Fig. 3.19 in the appendix (see subsection 3.7.1). The minimum is expected at
Tc '
T ∗
(1 + φb)
5/2
(3.5)
which is valid for all φb, and
T ∗ '
(
27ε3p/ε
)1/2
N (3.6)
being the value of Tc in the limit Φp → 0. The predicted behavior is consistent with our
direct simulation results : The location of the minimum of the φb(T ) shifts slightly to a
lower value at higher NP uptake, φb, as indicated by the arrow in figure 3.6(d).
According to our mean-field analysis, the interpretation of the non-monotonic behavior
of the NP uptake as a function of temperature results from the interplay of two effects: At
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low temperatures, the attractive interaction between NPs and monomers dominate and de-
creasing temperature results in higher uptake. At higher temperatures, the osmotic effect of
the brush formed by the copolymer phases becomes important. Increasing the temperature
decreases the stretching of chains and a higher uptake of NP is possible.
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Figure 3.7: Surface filling fraction, η, of NPs as a function of Φp calculated at T = 1.0 and
T = 2.0. Dotted lines represent linear extrapolation curves.
The filling fraction of the NP layer, η, is defined as
η = Ns(πσ
2
p/4A) , (3.7)
where Ns is the number of NPs in the surface region and A is area of the surface. Surface
filling fraction as a function of the overall NP volume fraction at two different temperatures
is displayed in figure 3.7. A surface saturation is observed at η ∼ 0.83. Linear extrapolation
(dotted lines in figure 3.7) of T = 1.0 data points gives an estimate of Φp ∼ 0.20 at which
saturation takes place. At T = 2.0, the filling fraction has a value of η ∼ 0.6 when increasing
Φp up to 0.50. The data points for T = 1.0 can be fitted using a tanh-function as shown in
the figure.
3.4.2 Nanoparticle spatial distribution
The volume fraction of each species of DBC and NPs as a function of position, z, normal
to the walls are shown in Fig. 3.8. The volume fraction is calculated as follows : First, the
simulation box is divided into slices parallel to the walls of thickness σ. Then, we determine
the total volume of each species present in a slice at position z which is then normalized by
the total occupied volume, V0.
The NPs volume fraction profile at Φp = 0.077 (Fig. 3.8a) shows a peak next to the
walls which is a signature of NP monolayer formation. The peak grows by nearly a factor
of 3 when increasing Φp up to 0.143. When we further increase Φp to 0.25, a second layer
starts to form as indicated by the appearance of a new peak (Fig. 3.8c). Higher order peaks
appear for Φp = 0.4. The peak corresponding to first monolayer remains constant implying
saturation of NPs at both surfaces, while the second peak continues to grow when increas-
ing Φp from 0.25 to 0.4. Around Φp = 0.25, Fig. 3.8c, a transition from 3 to 4 maxima
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Figure 3.8: DBC and NP volume fraction as a function of distance Z from the walls at
T = 1.0 and different values of Φp. In the figure, walls are located at -25.0 and 25.0 on the
X-axis also minority/majority species of DBC are indicated.
of the majority species of DBC can be observed. This indicates a change in the period of
the nano-structure. We can understand qualitatively the observed increase in the number
of period. When we gradually increase Φp more NPs go to the diblock-interfaces and at
the same time cylinders create more twist and bends which increases the interface area;
however, more NPs are also delocalize from the diclock-interfaces upon increasing Φp. We
can see this behavior in the monomer index histogram as described below.
The preference of NPs to be located at the interfaces between the A and B phases of the
copolymer can be shown using the distribution of NP-monomer contacts along the chain.
In Fig. 3.9a, we show the monomer index histogram obtained at T = 1.0 for different values
of Φp. For a fixed temperature, height of the distribution in peak and tail regions increase
as we increase Φp. This apparent increase of NPs at the diblock interfaces can be seen
in Fig. 3.5(a-d). However, ratio of the number of direct contacts in the diblock- interface
region, Nc−i, and in the tail region,Nc−t, decreases as a function of Φp as shown in the inset
of Fig. 3.9 (a). The decrease in the ratio Nc−i/Nc−t would suggest that NPs are increasingly
delocalize from the diblock interfaces as we increase Φp. Here, Nc−t is defined as the aver-
age number of contacts between NPs and a monomer index which belong to the tail region
(monomer indices 25− 48).
The effect of temperature on the monomer index histogram is displayed in Fig. 3.9b for
Φp = 0.077. Since NPs at higher temperatures are more mobile, we see a decrease in the
height of the peak as we increase T . Also, the ratio Nc−i/Nc−t decreases as we increase T ,
see inset of Fig. 3.9b.
In Fig. 3.10a), we display the bulk radial distribution functions, g3(r) of NPs at T = 1.0
and for different values of Φp. A comparison of the peak positions of g3(r) with that of
athermal NP case (Fig. 3.3a) indicates that even up to a volume fraction of Φp = 0.4 there
is no signature of nano-droplets being formed. Moreover, nano-droplets cannot be observed
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Figure 3.9: Monomer index histogram of NP contacts : (a) at T = 1.0 for different values
of Φp and (b) at Φp = 0.077 for different values of T . The region enclosed by the dotted
lines belongs to AB- interface and Nc is the number of direct contacts. Inset : Ratio of the
number of direct contacts in the diblock-interface region, Nc−i, and in the tail region, Nc−t,
as a function of Φp and T respectively.
when we visually inspect the relaxed samples shown in Fig. 3.5.
In contrast to the athermal case, g3(r) display a peak at r/σp ∼ 1.6 which is located below
the second nearest-neighbor (SNN) peak position of a regular hexagonal closed packed struc-
ture (r/σp =
√
3) but, slightly above the SNN of a regular square/cubic lattice (r/σp =
√
2),
see also the inset of Fig. 3.10a). Interestingly, height of the peak at r/σp ∼ 1.6 decreases
when we increase Φp to 0.25 and it disappears completely when we further increase Φp to
0.50 (see inset of Fig. 3.10a). Since we have observed that NPs become increasingly delocal-
ize above Φp = 0.25, the peak at r/σp ∼ 1.6 might be associated with a particular packing
at the interface of the DBC phases.
Radial distribution functions, g2(r) of NPs in the surface region are shown in Fig. 3.10b.
It is clear that NPs establish a long range order as we increase Φp. We observe fluid-like
behavior for low overall NP volume fraction (e.g. Φp = 0.143) as indicated by the presence
of peaks at r/σp = 1, 2 and 3. This regular peaks behavior of g2(r) were observed in the
athermal NP case also, see Fig. 3.3b. As we further increase Φp (= 0.25), g2(r) develops
an additional shoulder below the peak at r/σp = 2, which evolves into a distinct peak
at r/σp '
√
3 for Φp = 0.40. Such evolution of g2(r), which is related with a transition
to hexagonal close packed structure, was observed earlier in simulations of 2D hard-disk
fluids [27] also in an experimental study on quasi 2D granular fluids [28]. We find no
significant differences in g2(r) for Φp = 0.143 when compared with that of athermal NP case
(see Fig. 3.3b).
3.5 Chain properties : effect of adding thermal nanoparticles
Monomer index histogram of NP contacts (also visual inspection of figure 3.5) revealed that
the NPs within the copolymer matrix are preferentially located at the diblock interfaces.
39
3. Diblock-copolymer and nonselective-nanoparticle mixtures
1 1.5 2 2.5 3
r/σ
p
0
2
4
6
g
3
(r
)
0.04
0.077
0.143
0.25
0.40
1.5 2 2.5
r/σ
p
0.5
1
1.5
g
3
(r
)
(a)
T = 1.0
1 1.5 2 2.5 3 3.5
r/σ
p
0
1
2
3
4
g
2
(r
)
0.077
0.143
0.25
0.40
T = 1.0
(b)
Figure 3.10: NP radial distribution function at T = 1.0 for different values of Φp in the (a)
bulk region, g3(r) and (b) surface region, g2(r).
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Figure 3.11: Mean squared end-to-end distance, < R2e >, and mean squared radius of
gyration, < R2g >, as a function of Φp in the range 0.04 ≤ Φp ≤ 0.4 obtained at temperature
T=1.25.
The NP concentration at the diblock interfaces increases upon adding more NPs and thus
affect the NP packing which in turn affect the copolymers. Here, the effect of particle
concentration and temperature on the chain properties i.e. size and shape will be discussed.
Chain size is measured by the mean squared end-to-end distance < R2e > and radius of
gyration < R2g >, see equation (1.3). The average instantaneous shape is chracterised by
means of shape parameters - asphericity, acylindricity, and relative shape anisotropy as
described in the appendix (subsection 3.7.2).
3.5.1 Average chain size
The average squared end-to-end distance < R2e >, and average radius of gyration < R
2
g >
of the chains in bulk at different values of overall NP concentration Φp while fixing the
temperature at T=1.25 are displayed in figure 3.11. Both < R2e > and < R
2
g > decreases
monotonically with increasing NP concentration. In figure 3.12, the average chain size for
systems containing different amount of NPs are plotted as a function of temperature. At
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fixed temperature, addition of NPs to the pure DBC sample produce a significant decrease
in the chain size and it decreases further for the systems with higher value of NP concen-
tration. Within the considered temperature range Re and Rg for pure DBC (Φp = 0) is
always higher. Decrease in the value of chain extension upon adding NPs is due to the fact
that the NPs which are migrated to the diblock interfaces effectively screen the unfavorable
interaction at the diblock interfaces and hence reduce the stretching.
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Figure 3.12: (a) Mean squared end-to-end distance, and (b) averaged squared radius of
gyration as a function of temperature shown for different values of Φp indicated in the
figure. Horizontal dashed lines in fig.(a) and fig.(b) corresponds to < R2e > ≈ 63.1 and
< R2g > ≈ 10.0 respectively.
As we can see in figure 3.12, both < R2e > and < R
2
g > decrease monotonically with in-
creasing temperature for the system with Φp = 0. For Φp 6= 0, depending on the value of NP
concentration, Re can decrease or increase with increasing temperature. When Φp ≈ 0.25
the end-to-end distance < R2e > ≈ 63.1 throughout the considered temperature range, see
dashed line in figure 3.12(a). For Φp < 0.25, the Re(T) decreases with T, while for Φp > 0.25
the curve increases. If we look at the NP uptake in the bulk as a function of Φp, see fig-
ure 3.6(b), at Φp ≈ 0.25 the curve has minimum and it corresponds to the concentration
at which the osmotic pressure of the brush formed by the DBC and the NP-monomer en-
thalpic interaction balance. However, the value of Rg increases with temperature to a value
< R2g > ≈ 10.0 for all the values of Φp.
Shown in figure 3.13(a) is the average end-to-end distance, R =
√
< R2e >, at different
values of temperature normalized by the corresponding value for pure DBC melt (Φp = 0.0).
The normalized chain extension R/R0 increases with increasing T (except for Φp = 0.04 in
the region T < 2.0), and this suggest that the decrease of Re with the increase of T is faster
for pure DBC melt. In figure 3.13(b), we show the enlarged plot for Φp = 0.04. Here, we see
that increase of T decreases R/R0 and has a minimum at T ≈ 1.9 and above which R/R0
increases. Such non-monotonic behavior in the chain extension is observed in the mean field
calculation as shown in the inset of figure 3.13(b) (which is figure 3.19(b) in subsec. 3.7.1).
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Figure 3.13: (a) Average end-to-end distance, R =
√
< R2e >, normalized by R0 (= R at
Φp = 0) as a function of temperature shown for different values of Φp indicated in the figure.
(b) Enlarged plot for Φp = 0.04. Fig.(b) inset : Mean field calculation result showing the
chain extension normalized by the corresponding Φp = 0 value plotted as a function of T (for
low NP uptake in the bulk), see figure 3.19(b), and arrows indicate the minima positions.
This behavior is a consequence of non-monotonic NP uptake in the bulk with temperature
as observed in simulations, see fig. 3.6(d), and mean field calculation, see fig. 3.19(a)).
3.5.2 Instantaneous shape
The average instantaneous shape of a polymer chain is not spherical and it can be charac-
terized by using the radius of gyration tensor S as a shape measure [29–31]. We can choose
a principal axis system where S is in diagonal form and the eigenvalues X2,Y2 and Z2 are
such that X2 ≥ Y2 ≥ Z2. This construction leads us to the picture of an ellipsoidal shape
with eigenvalues as the semi-axes of the ellipsoid. The shape anisotropy of a chain can be
understood in terms of the following shape parameters
b = X2 − 1
2
(Y2 + Z2) ,
c = Y2 − Z2 , and
κ2 = (b2 +
3
4
c2)/s4 . (3.8)
Here, b, c, and κ2 are asphericity, acylindricity, and relative shape anisotropy respec-
tively, and s2 = Y2 + Z2 + Z2 = tr(S) is the squared radius of gyration of the chain. As
the name suggest, b and c measure the deviations from spherical and cylindrical shapes re-
spectively (b = 0 and c = 0 for perfect sphere and cylinder respectively). Also see appendix
(subsection 3.7.2) for details. In this section, we will study only the overall change in the
instantaneous shape using the defined shape parameters.
In figure 3.14(a)-(c) we show the averaged eigenvalues of the radius of gyration tensor at
different values of NP concentration. As we can see, there is jump-like decrease (roughly by
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Figure 3.14: (a)-(c) Average eigen values of the radius of gyration tensor, and (d) average
value of asphericity, < b >, and acylindricity, < c >, normalized by < s2 >, and the average
relative shape anisotropy, < κ2 >. The values are obtained at T=1.25.
a factor of 1/2) in the value of eigenvalues upon adding a small amount of NPs (Φp = 0.04)
indicating a significant decrease in the chain size. The value of < X2 > decreases further
when increasing the NP concentration, while that of < Y2 > and < Z2 > increases; however,
the sum s2 = tr(S) decreases with increasing Φp in consistent with direct Rg calculation,
see figure 3.11. Thus, the largest semi-axis < X2 > of the ellipsoid decreases upon adding
more NPs, whereas the remaining two smaller semi-axes increases.
The change in the value of eigenvalues determine the variation of shape. The parameters
for shape measure (eqn. 3.8) as a function of Φp are summarized in figure 3.14(d). Relative
to the pure DBC melt (Φp = 0.0), the addition of small amount of NPs increases the
asphericity < b > and decreases the acylindricity < c >, and overall the relative shape
anisotropy < κ2 > increases. This suggest that the chain size shrinks and overall the chain
looks more cylindrical in the presence of small amount of NPs. In the region Φp 6= 0,
< b > and < κ2 > are decreasing function of Φp, whereas < c > is an increasing function.
However, at high NP concentration (Φp = 0.4) the shape parameters values are very close to
the value corresponding to Φp = 0.0. In figure 3.15, we compare the ellipsoids corresponding
to Φp = 0.0 and Φp = 0.04.
In figure 3.16(a), we display the ratio of the largest to the smallest eigenvalue of the
average instantaneous radius of gyration tensor λxz =< X
2 > / < Z2 > normalized by
λ0xz (= λxz at Φp = 0.0) plotted as a function of temperature. With increasing temper-
ature, the value of λxz/λ
0
xz decreases to unity. The system with higher NP concentration
has lower value and even goes below unity at high concentration; however, all the curves
have roughly the same value at high temperature. The ratio of the two smaller eigenvalues
λyz =< Y
2 > / < Z2 > normalized by λ0yz is shown in figure 3.16(b). Here, for all the val-
ues of Φp the ratio λyz/λ
0
yz stays close to unity throughout the considered temperature range.
The variation of shape parameters as a function of temperature at different values of NP
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Figure 3.15: Change of the instantaneous gyration ellipsoid of a chain due to the addition
of nanoparticles. (a) Pure DBC melt (Φp = 0.0), and (b) DBC melt in the presence of
small amount of NPs (Φp = 0.04). The axes are parallel to the principal axes of the average
instantaneous radius of gyration tensor.
concentration normalized by the corresponding Φp = 0.0 values are shown in figure 3.17. As
we can see, the parameters approach that of the Φp = 0.0 values as we increase temperature.
Thus, the average instantaneous shape of a chain at high temperature is independent of NP
concentration. Also, the average instantaneous shape at high NP concentration (Φp = 0.4)
is similar to that of the pure DBC melt (Φp = 0.0), see figure 3.14(b).
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Figure 3.16: Eigenvalues ratio of the gyration tensor as a function of temperature (shown for
different values of NP concentration indicated in the figure) normalized by the corresponding
value for pure DBC melt.
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3.6 Summary
In this chapter, we have discussed the order and phase behavior of DBC and nonselective
NP mixtures in confinement (slit geometry) representing thin films. Two types of nonse-
lective NPs, i.e. athermal (NP-monomer interaction repulsive) and thermal (NP-monomer
interaction attractive), are considered for the study. We have observed that the NP spatial
organization within the copolymer matrix is sensitive to the NP type with athermal NPs
leading to nano-clusters/droplets, while thermal NPs are well dispersed but tend to localize
at the diblock interfaces. The main focus of this chapter has been on the mixing of nonse-
lective thermal NPs to the cylinder forming DBC matrices.
The uptake of NPs in thermal case displays a non-monotonic behavior with respect
to temperature. We give a tentative explanation for these findings based on mean-field
concepts. According to this analysis, at higher temperatures the osmotic pressure of the
stretched blocks dominates the temperature effect and the uptake of NPs is reduced by de-
creasing the temperature. At lower temperatures, attractive interactions between NPs and
the monomers dominate and the uptake increases with decreasing temperature. We have
derived a characteristic temperature for the crossover in between both regimes as a function
of the interaction parameters and the chain length.
Analysis of the radial distribution functions for thermal NPs in the surface and bulk
regions show a structural transition related to packing of NPs when we increase the overall
NP volume fraction. In the surface region, we see a transition from fluid-like behavior at
low NP density to a hexagonal close packed structure at high density.
The addition of small amount of NPs leads to a jump-like decrease in the chain extension
and it decreases further upon adding more NPs. We also see that the average instantaneous
shape of DBC at Φp = 0 is flattened ellipsoid, and the addition of small amount of NPs
decreases the volume of the ellipsoid significantly indicating shrinking of the chains size.
Compared to pure DBC, in the presence of NPs, the instantaneous shape of chains becomes
more prolate.
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3.7.1 A simple mean-field model for mixing nano-particles and strongly
segregated copolymers
In the following we consider an extremely simplified model which is aimed to illustrate the
interplay of the various forces which control the uptake of small particles in a strongly segre-
gated copolymer matrix. We consider a symmetric DBC for simplicity. Below ODT chains
are stretched significantly, and in the strong stretching limit one can imagine pure phase of
DBC form a dry polymer brush. In Fig. 3.18, we sketch one pure phase which has an interfa-
cial contact area, A per chain with the other species of DBC, and average height of the brush
is h. As shown in the figure, ∆h is a region above the brush where NP density is high and
remains constant. This might correspond to the segregated surface state. Here, we consider
this region as an reservoir of NP at high density. Let the monomer-NP effective attraction
be denoted by εp. In our treatment we ignore effects of a non-homogeneous brush potential
and we consider a homogeneous distribution of particles inside the copolymer phases.
h
A
h
Figure 3.18: Cartoon of a polymer brush with NP. h and ∆h are respectively height of the
brush and the region of constant particle concentration. Each polymer chain has length N
and interfacial contact area A.
It is important to note that unlike a surface grafted polymer brush the grafting density
in DBC is a varying quantity which depends on T and NP density. Moreover, the brush
height h also depends on T and NP density. Suppose, n and x are the total number of
particles and the fraction of particles inside the brush per chain unit. The volume fraction
of particles adsorbed into the matrix is defined by
φb = (nxvp/N) , (3.9)
where vp is the volume of an individual particles and N is length of a chain in monomer
units. For simplicity we define the Kuhn segment, l as unity and the monomer’s volume as
l3 = 1. Incompressibility of system implies
A · h = N(1 + φb) (3.10)
By introducing the interaction parameter for the different monomer species χ = ε/T and
between the particles and monomers χp = εp/T the mean field free energy per chain can be
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written as
F
kT
' h
2
2N
+
χ1/2N
h
(1 + φb)− χpN
(
φb
1 + φb
)
+
Nφb
vp
log
(
φb
1 + φb
)
(3.11)
Here, we set the chemical potential of particles outside the copolymer to zero. The first term
on the rhs of Eq(3.11) corresponds to the stretching of chains, the second term results from
the interface tension, Aχ1/2, where Eq.(3.10) has been applied. The third term represents
the mean-field interaction of the polymer chain with the particles at the given volume
fraction, φb, and the last term corresponds to the entropy of translation of the particles.
The equilibrium values of two variables h and φb can be obtained by minimizing the free
energy. From Eq.(3.11), we get the equilibrium height of the brush as
h ' (χ1/2N2)1/3 (1 + φb)1/3 (3.12)
For φb = 0 we reproduce (up to prefactors) the well known result for DBC in the narrow
interface approximation. The second equilibrium condition, (∂F/∂φb) = 0, yields
χ1/2N
h
+
N
vp
[
log
(
φb
1 + φb
)
+
1
1 + φb
]
− χpN
(1 + φb)2
= 0 . (3.13)
Substitution of Eq.(3.12) leads to
ω2/3
(1 + φb)
1/3
+
1
vp
[
log
(
φb
1 + φb
)
+
1
1 + φb
]
− χp
(1 + φb)
2 = 0 (3.14)
where we have introduced the variable
ω = ε1/2/NT 1/2 (3.15)
Numerical solution of Eq.(3.14) provides the equilibrium volume fraction of the particles
φb(T ) as a function of temperature, T , and in turn the lamellar thickness h(T ). An example
is given in Fig. 3.19(a) for two different NP sizes. A typical feature of the function φb(T )
is its non-monotonic behavior. This is in qualitative accordance with the simulation results
given in Fig 3.6(d). The corresponding equilibrium brush height is shown in Fig. 3.19(b).
The limit of low particle volume fraction, φb  1, an analytic solution can be obtained:
φb ∼ exp
[
vp
(
χp − ω2/3
)]
(3.16)
In this limit the minimum of φb(T ) is located at the characteristic temperature
T ∗ '
(
27ε3p/ε
)1/2
N (3.17)
in the general case the minimum is defined by
Tc '
T ∗
(1 + φb)
5/2
(3.18)
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Figure 3.19: (a) Numerical solution for the equilibrium volume fraction, φb, as a function of
temperature, T , according to Eq.(3.14). We have chosen the interaction parameters accord-
ing to the values given in the figure and σp denotes the diameter of NPs. (b) Equilibrium
brush height, according to Eq. (3.12), shown for low NP uptake in the bulk. h0 is h at
φb = 0.
Thus, the crossover temperature, Tc shifts to a lower value for larger loading of particles.
This agrees to our observation (see Fig. 3.6d) where minimum point of the φb curve shifts
to a lower value of T for higher value of φb.
According to this model the non-monotonic behavior of the volume fraction of particles
turns out to be the interplay between the free energy effort to accommodate the particles
in the matrix which is related to an additional stretching of the chains and the (mean-field)
attraction of the particles in the matrix.
3.7.2 Gyration tensor and measures of shape
The average shape of a polymer chain without orientational averaging is far from being
spherical. Shapes of flexible polymers can be characterized by introducing the radius of
gyration tensor as shape measures [29–32] as shown below.4
Let us consider a chain made up of N number of monomers. If si = col(xi, yi, zi) is the
position of ith monomer then in the center of mass reference frame the radius of gyration
tensor S can be written as
S =
1
N
N∑
i=1
sis
T
i = ss
T , (3.19)
4The treatment presented here is based on the reference [29]. A more elaborate explanation can be found
in the book by Mattice and Suter [32].
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and thus we get
S =
x2 xy xzxy y2 yz
xz yz z2
 .
The over-bar indicates the averaging over all the monomers of the chain. Transformation to
a principal axis system (where there is an axis of rotational symmetry) diagonalizes S, i.e.
S =
X2 0 00 Y 2 0
0 0 Z2
 ,
where X2, Y2 and Z2 are the eigenvalues of S and X2 ≥ Y2 ≥ Z2.5 The eigenvalues represent
the principal moments about each principal axis. Thus the shape of the chain resembles an
ellipsoid with X2, Y2 and Z2 as the semi-axes of the ellipsoid. The sum of the eigen values
gives the squared radius of gyration, i.e. s2 = tr(S).
The shape anisotropy of a chain in a particular conformation can be defined as the
traceless deviatoric part of S, i.e.
Ŝ = S− 1
3
tr(S)E , (3.20)
where E is the unit tensor. In the principal axis system, the deviatoric part Ŝ can also be
written as
Ŝ = b diag (2/3,−1/3,−1/3) + c diag (0, 1/2,−1/2) . (3.21)
Thus, the asphericity b is defined as
b = X2 − 1
2
(
Y2 + Z2
)
: b ≥ 0 , (3.22)
and acylindricity c as
c = Y2 − Z2 : c ≥ 0 . (3.23)
For systems with symmetric particle distribution w.r.t. the principal axes the eigenval-
ues X2 = Y2 = Z2 and thus b = c = 0. For example, a spherically symmetric objects has
b = c = 0, while for cylindrically symmetric objects c = 0 and b 6= 0.
The relative shape anisotropy denoted by κ2 is now defined as
κ2 =
3
2
tr(ŜŜ)/[tr(S)]2 = (b2 +
3
4
c2)/s4 : 0 ≤ κ2 ≤ 1. (3.24)
The value of relative shape anisotropy κ2 = 1 for rigid rod-like molecules, i.e. linear
array of monomers, and κ2 = 1/4 for a regular arrangement of monomers in a plane. The
condition of κ2 = 0 is met for the structures of tetrahedral or higher symmetry.
Thus, in terms of the dimensionless shape parameters b, c and κ2 the overall shape of
a polymer chain without orientational averaging can be understood; however, this analysis
limits us to the ellipsoidal structure. A more detailed information on the structure can be
obtained through the spatial segment density distribution about each principal axis.
5For simplicity, the over-bar is removed while presenting in the main text.
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Chapter 4
Diblock-copolymer and
selective-nanoparticle mixtures
4.1 Introduction
Mixtures of diblock copolymer (DBC) and selective nanoparticle (NP) in bulk has been
studied by Huh and coworkers using both Monte Carlo simulations and theory based on a
scaling model for DBC in the strong segregation limit [1]. They observed various morpho-
logical transitions by varying the concentration and size of the NP, also they developed the
corresponding phase diagram. Such morphological transitions induced by the filler particles
are observed in a recent experimental study by Jang et al. [2]. Lee and coworkers extended
the above theoretical study by considering symmetric-DBC/NP mixtures in confinement
where they combined both self-consistent field theory (SCFT) describing polymers and den-
sity functional theory (DFT) describing particles [3, 4]. In their study, they demonstrated
that a horizontally oriented lamellae (formed with selective confining walls) could transform
to a vertically oriented lamellae upon addition of non-selective-NPs. Whereas, with the
non-selective confining walls addition of NPs selective to a component of the DBC leads
to the formation of horizontal lamellae with particle selective block close to the walls [4].
In a recent experimental study, Yoo et al. used gold NPs with tuned surface chemistry to
control the orientation of block-copolymer thin films [5]. They observed that the addition of
nonselective-NPs produce a horizontally oriented microdomains at low NP concentrations,
whereas at higher NP concentration (about/above 5 wt %) it changes to vertical orientation.
For the case of selective-NPs they observed a horizontal orientation of the microdomains rel-
ative to the substrate regardless of the amount of added NPs. Horizontal orientation of the
microdomains observed at low NP concentration for nonselective-NP case and independent
of NP concentration for the selective-NP case may be due to the preferential interaction
between the substrate and one of the component of diblock-copolymers.
Copolymer nanocomposites have the advantage that the morphologies formed by the
composites and even the orientation can be controlled by changing the amount/type of
fillers alone.[1–6] Thus, morphological/orientational transitions are possible without using
external fields or modification of copolymer chains. There is a large amount of experimental
and theoretical work covering different aspects for the block-copolymer thin films [7–14],
but there is still more to be explored for the thin films of copolymer nanocomposites. The
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current state of mesoscopic modeling for the block-copolymer nanocomposites is discussed
in reference [15].
In the earlier chapter, we have illustrated that the spatial distribution of NPs in the
copolymer matrix is very sensitive to the NP-monomer interaction. Athermal NPs leads
to the formation of nano-clusters (NP condensates), while thermal NPs gives rise to a
homogeneous distribution of NPs at the diblock interfaces; however, in both cases there is no
effect on the copolymer morphology. [16] Now, in this chapter, we extend our previous study
of the confined nanocomposites by considering NPs selective to the minority component of
the DBC. The nanocomposites are confined in a slit geometry by purely repulsive walls.
By varying the NP concentration and diblock composition we explore various structures
formed by the nanocomposites and discuss the effect of confinement on the phase diagram.
As we will see later in the text that horizontally oriented lamellar structures can be formed
even with the purely repulsive wall. We will show that the NP induced switching of lamellar
orientation from vertical to horizontal with respect to the wall at high NP concentrations can
be attributed to the tendency of the chains to relax over-stretching near the wall. We also
discuss the effect of changing NP concentration on the lamellar layers, e.g. NP localization
and individual chain properties.
4.2 Model and simulation details
We make A-component of the DBC selective and the B-component repulsive to NPs by
tuning the LJ interaction cut-off range. The fraction of NP selective A-block f (= NA/N)
is varied in the range 0.1 ≤ f ≤ 0.5. Here, NA is the number of monomers in the particle
selective A-block. The NP volume fraction Φp varies in the range 0.07 ≤ Φp ≤ 0.4, see
equation (3.2) for definition of Φp. The walls are repulsive to both monomers and NPs. In
Table 4.1, we give the different cut-off radii for LJ interaction among the different species.
Table 4.1: Interaction range among the species
Interaction between Cut-off radius (rc) in units of σ Nature of interaction
A - B 21/6 × 1.0 repulsive
A - A or B - B 2.5× 1.0 attractive
A - NP 2.5× 1.5 attractive
B - NP 21/6 × 1.5 repulsive
NP - NP 21/6 × 2.0 repulsive
A/B - Wall 21/6 × 0.5 repulsive
NP - Wall 21/6 × 1.0 repulsive
We create a mixture of DBC/selective-NP mixtures (in melt density) at different values
of diblock composition and NP volume fraction. The total number of chains is fixed at
2500 and we vary the amount of NPs. All monomers have a diameter of σ = 1 and mass
m = 1, while NPs have a diameter of σp = 2σ and mass mp scales as cube of diameter.
The interaction strength, ε = 0.5, is same for all the interactions present in the system. For
these systems we performed a constant NPT-ensemble MD simulation using Nosé-Hoover
thermostat and barostat. To simulate in melt condition, the pressure along X and Y direc-
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tions are fixed at P = 5ε/σ3 [17] and the MD integration time step is fixed at δt = 0.001τLJ ,
with τLJ = σ
√
m/ε (see section 2.2.1)
All the systems are relaxed at sufficiently high temperature T ' 4.5 where they are
in disordered state. Then we cooled down continuously to temperature T = 1 where the
systems form various morphologies and then relaxed at this temperature. Typically, the
systems are relaxed at a given temperature for about 3− 5× 106 MD steps and cooling of
the samples by one unit of temperature is done in 1× 107 MD steps.
4.3 Phase diagram in confinement
In the earlier chapter, we observe that in DBC and non-selective-NP mixtures the copolymer
morphology is retained upto high particle concentration. [16] However, with the selective-NP
there are morphological transitions depending on the diblock composition and NP concen-
tration. From a simplistic point of view the addition of selective-NPs increases the volume
fraction the A-component and shifts the state in the phase diagram towards a higher values
of f , see DBC phase diagram in figure 1.5. Moreover, the NP-copolymer mixture can display
new morphologies which are not stable or not possible for pure DBC films. For example,
NP decorated cylindrical structure (for non-selective-NP case) can transform to a perforated
lamellae when the NPs have preferential interaction with the minority block of the DBC,
see figure 4.1. Such morphological transitions has been observed in a recent experimental
study [2], also observed in an earlier theoretical study [1].
Non-selective NP Selective NP
,
Figure 4.1: Figure illustrates the morphological transition upon changing NP selectivity.
NP decorated cylindrical structure (f = 0.23 and Φp = 0.143) using non-selective-NP is
transformed to a perforated lamellar (PL) phase when the NPs are selective to the minority
component (A-block) of the DBC. Here, Red, Green and Blue represent the A-block, B-block
and the NP respectively. The morphologies shown are obtained at T = 1.0.
Various morphologies formed by the DBC/selective-NP mixtures have been studied for
bulk systems by Huh and coworkers [1]. They show that depending on the diblock composi-
tion and NP volume fraction and size the nanocomposites can realize various self-assembled
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structures. Here, in contrast to the bulk, confinement has an influence on the structures
which can be formed.
(a) (b) (c) (d) (e)
f : 0.1 (S) 0.27 (C) 0.313 (C) 0.396 Lv( ) 0.5 Lv( )
Figure 4.2: Snapshot of the structures formed by the DBC/selective-NP mixtures at different
values of diblock composition f when Φp = 0.077, and T=1.0. B-block of the DBC is made
transparent to see the structures clearly. Symbols : S - sphere, C - cylinder, Lv - vertically
oriented lamellae.
In figure 4.2 we display snapshot of the various structures formed by the DBC/selective-
NP mixtures at NP volume fraction Φp = 0.077 and at different values of diblock composi-
tion f as indicated in the figure. As expected for highly asymmetric DBC, f = 0.1, we see
spheres. At this NP concentration the spheres appear in a core-shell structure with a very
small NP core size. Spherical structure changes to cylindrical structures upon increasing
f , see figure 4.2(b)-(c). And for nearly symmetric and symmetric DBC, see figure 4.2(d)-
(e), the nanocomposites self-organized into a vertically oriented lamellar structure with NP
stripes on the surfaces.
(a) (b) (c) (d) (e)
0.1 (S) 0.145 (C) 0.5 (ML)f : 0.187 PL
h
( ) 0.271 L
h
( )
Figure 4.3: Snapshot of the structures formed by the DBC/selective-NP mixtures at different
values of diblock composition f when Φp = 0.143, and T=1.0. Symbols : Lh - horizontally
oriented lamellae, PLh - perforated Lh, and ML - mixed lamellae. See text for the definition
of ML.
The morphologies formed at a higher NP concentration of Φp = 0.143 is shown in
figure 4.3. Here, the spherical structure formed at f = 0.1, see figure 4.3(a), has much
larger core size in comparison to that formed at Φp = 0.077. Now if we compare figure 4.3
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(a) (b) (c) (d) (e)
f : 0.23 (C) 0.5 (C)0.1 PLh( ) 0.145 Lh( ) 0.187 PLh( )
Figure 4.4: Snapshot of the structures formed by the DBC/selective-NP mixtures at different
values of diblock composition f when Φp = 0.40, and T=1.0. In fig.(a)-(c), except for the
hole made by the B-component in the middle layer of PLh in fig.(a), B-component of the
lamellar layer is made transparent to illustrate the underlying structures. NP is made
transparent in fig.(d), and in fig.(e) we display only the DBC with red dots representing the
A-component.
and 4.2 we can see that in the range 0.187 . f . 0.3 cylinders are observed for Φp = 0.077,
while at higher value of Φp = 0.143 a horizontally oriented lamellar structure is formed.
This indicate a shift in the phases to a lower value of f with higher particle concentration.
Using selective-NPs lamellar structures can be realized even for highly asymmetric DBC.
And in figure 4.3(e) we see a lamellar structure which is oriented vertically near the surface,
while in the bulk lamellae orients horizontally. A lamellar structure with mixed orientations
is called Mixed Lamellae (ML) in the following.
In figure 4.4 we show snapshot of the morphologies for a NP concentration of Φp = 0.40.
We can see that upon increasing diblock composition f lamellae changes to inverted cylin-
ders i.e., cylinders with B-core as shown in figure 4.4(d)-(e). At this high value of Φp, the
highly asymmetric DBC (f < 0.23) self-organized into horizontal lamellae where segregated
NPs from the A layer form a dense NP layer (NP condensate) next to it. Such morpholo-
gies are referred to as self-assembled (SA) structures and it is an exclusive characteristic
of DBC/NP mixtures. Figure 4.4(a)-(c) are self-assembled lamellar (SA-L) structures, and
likewise shown in figure 4.3(a) and (b) are the SA-S and SA-C structures respectively.
Because of the finite NP uptake capacity for a given f with increasing particle concentra-
tion the excessive NPs are segregated forming a dense NP layer/core next to the A-block.
This reduces the elastic energy of the A-block and at the same time gains the enthalpic
energy due to the contact between A-monomers and NP cluster. However, the segregated
NPs loses their translational degrees of freedom in the direction perpendicular to the inter-
face. The balance of stretching of the chains, enthalpic energy gain due to A-monomer/NP
contacts, and particle’s contribution (translational entropy and packing) which minimizes
the total free energy of the system determines the equilibrium conformation. The readers
are also referred to reference [1, 18] for theoretical calculations and further discussion on
the formation of such structures.
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f
P
Figure 4.5: Phase Diagram in f − Φp plane containing all the structures obtained in this
study. The symbols are : S - Sphere, C - Cylinder, Lh/v - Horizontally/Vertically oriented
Lamellae, PLh/v - Perforated lamellae, and ML - Mixed lamellae. Laterally averaged density
profile and average chain extension for the dotted region in the phase diagram are shown in
figure 4.15 and 4.16 respectively.
The phase diagram in f−Φp plane which summarizes all the structures obtained through
simulation is shown in figure 4.5. Each point in the phase diagram represents the simulated
point. In comparison to the phase diagram predicted for the system in bulk [1], the phase
diagram in confinement has a much broader lamellar region with a various classes of lamel-
lar structures. The phases are shifted towards small values of f with increasing Φp, and
thus overall the phase boundaries are tilted towards left. As expected for purely repulsive
confining walls the vertically oriented lamellar phase is formed by the less symmetric and
symmetric DBCs.
It is observed that the Lv phase is formed only at very low values of NP concentration.
At higher values of NP concentration other structures (Lh, PLh, ML) are realized, also it
is possible to form Lh phase with highly asymmetric DBC. Lee and coworkers [4] using a
SCFT/DFT combined method have observed horizontally oriented lamellae at a NP concen-
tration of Φp = 0.1 for symmetric-DBC/selective-NP mixtures confined by purely repulsive
walls. In our simulations, we find the horizontally oriented lamellae at a much higher value
of Φp, see figure 4.5. As we can see in figure 4.2(e) when Φp = 0.077 (which is close to
0.1) we still see vertically oriented lamellae with NP stripes in the polymer-wall interfaces.
This discrepancy in the value of Φp may be due to the difference in NP size i.e., σp = 0.3R0
(Lee et al.) and σp ' 0.2R0 (present study), where R0 is the root-mean-squared end-to-end
distance of a symmetric DBC in bulk, also the NP/A-monomer interaction in our study is
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enthalpic in nature.
Existence of both vertically and horizontally oriented lamellae illustrates that the lamel-
lar orientation can be controlled using selective-NPs when the confining surfaces are purely
repulsive. A detailed discussion on the formation of nanoparticle induced Lh phase is pre-
sented in the following section.
4.4 Nanoparticle induced horizontally oriented lamellar struc-
ture
It has been shown that symmetric DBC with a purely repulsive confining walls prefer to
form a vertically oriented lamellae [11–13]. This is also observed for the inclusion of non-
selective-NPs where a NP decorated lamellae which orient normal to the walls is formed [3].
As we have shown, with the selective-NP we can realize both vertically and horizontally
oriented lamellae purely driven by the NPs. This concurs with a recent experimental study
by Yoo and coworkers who showed that the orientation of block-copolymer thin films can
be controlled by using thermally-stable gold nanoparticles with tuned surface chemistry [5].
Also an earlier theoretical study which combines both the SCFT and DFT methods predicted
horizontal orientation of the lamellae as a preferred orientation with selective-NPs and the
horizontal orientation is driven by the entropic effects [4], but still lack details, e.g. about the
composition of the system which can result in such Lh phases. Here we revisit the problem
of switching lamellar orientation and elucidate the formation of Lh phase in contrast to Lv
which is expected for purely repulsive confining walls.
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Figure 4.6: (a) Phase diagram plotted in the f − ΦA+P plane. In this representation, for
ΦA+P ∼ 0.5, we can see transition from horizontally oriented (points enclosed by circle) to
vertically oriented (points enclosed by square) lamellae as a function of f . (b) Laterally
averaged volume fraction profiles for the circles marked I and II in fig.(a).
If we replot the phase diagram in f −ΦA+P plane, we can see that for ΦA+P ∼ 0.5 there
is a transition from Lh to Lv upon increasing f , see figure 4.6(a). Here, ΦA+P is the volume
fraction of A-species and NPs together. The laterally averaged volume fraction profile for
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the Lh phase at two different values of composition corresponding to the circles marked I
and II in figure 4.6(a) is displayed in figure 4.6(b). If we compare figure 4.6(b) - (I) and (II),
we see that at high NP concentration the NPs form several layers at the polymer-wall inter-
faces also it fills the A-phase. From figure 4.6(b)-(II) it is clear that the structure formed is
SA-Lh. The vertically oriented lamellae (formed by nearly symmetric DBC mixed with low
amount of NPs) have a very limited region in the phase space. In order to understand the
preference of Lh phase in composites with a low value of f , we compare the effect of adding
NPs on the chain stretching in both phases.
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Figure 4.7: Shape of the A-B interface lines near the wall at equilibrium for Lv phase
(Φp = 0.077 and f = 0.50, see figure 4.2(e)). The data shown is obtained from a slice
of thickness 4σ in the X-Z plane and the wall is located at Z=0. Dots are the interface
positions at different times and the solid line represents the time averaged interface position
which separates the A+P and pure-B phases. Regions where the segregated nanoparticles are
located in the polymer-wall interface is shown by the filled circles representing nanoparticles.
In figure 4.7 we display the shape of the A-B interface lines for the Lv phase formed
at the composition : Φp = 0.077 and f = 0.50, also see figure 4.2(e). As we can see in
the figure, the interface lines separating the A+P and pure-B phases start to bend as it
approaches the wall. The interface lines enclosing the pure-B phase becomes narrower while
that enclosing the A+P phase becomes wider when approaching the wall.
The regions occupied by the segregated NPs at the polymer-wall interface (forming
stripes in the XY plane, see figure 4.2(d)-(e)) exclude A-monomers from this region, see
regions below the dashed line in the A+P region in figure 4.7. The empty space adjacent to
the NP stripes are filled by the B-monomers and consequently distort the interface position
near the walls. If we calculate the average elastic energy per bond (Eel) for the chains as a
function of distance Z from the walls, we find that Eel increases rapidly as we approach the
wall and thus the chains are more stretched near the surface, see figure 4.8. To calculate
Eel we have used the FENE potential, see equation (2.3) in section 2.2.1. Qualitatively the
behavior of Eel as a function of Z for the whole chain as well as its individual blocks are the
same for the symmetric and slightly asymmetric chains. If we compare the A and B blocks,
we see that the value of Eel for the B-block in the region Z < σp is significantly higher than
the bulk value. In the same region there is no A-block, however, the value of Eel for A-block
show an increasing tendency when approaching the wall, but the value do not differ much
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Figure 4.8: Average elastic energy per bond of the chains, Eel, as a function of distance Z
from the confining wall for the Lv phases formed at Φp = 0.077 by a nearly symmetric and
symmetric DBC, see figure 4.2(d) and (e). Inset : Eel for the individual blocks A and B
separately and the vertical dashed line indicates Z = σp. For Z < σp there is no A-block.
from the bulk, see the inset of figure 4.8. Thus, the penalty of forming Lv phase by the
nanocomposites is stretching of the chains close to the walls which is mainly a contribution
from the NP repulsive B-block.
In order to compare the two lamellar phases we calculate the difference in the elastic
energy per bond between the chains in the surface and in the bulk regions, ∆Eel, and it
is plotted as a function of diblock composition f , see figure 4.9. We have used only the
encircled points (for Lh and Lv phases) shown in the figure 4.6 to calculate ∆Eel. As we
can see from the figure, for the horizontally oriented lamellae (which includes SA-Lh phase)
the value of ∆Eel ≈ 0, whereas we get ∆Eel ≈ 0.024 for the vertically oriented lamellae and
the transformation between the two orientations of the lamellae is jump-like. In the inset of
figure 4.9 we show the behavior for the individual components A and B blocks of the DBC.
For the A-block transformation from the Lh to Lv phase upon increasing f is smooth in
∆Eel and saturates around 0.01, whereas for the B-block it is rather jump-like (as for the
entire chain AB) and the difference in the value of ∆Eel between the two lamellar phases is
around 0.03. The value of ∆Eel in Lv phase is significantly higher for the B-block and this
suggests that the orientational transition is mainly driven by the B-block to minimize the
stretching penalty.
Our explanation for the domination of the Lh phase is therefore as follows: By trans-
forming Lv to Lh phase the system can overcome the elastic energy penalty related to
over-stretching of chains close to the walls. Moreover, horizontal orientation generates more
area for the segregated NPs at the polymer-wall interfaces and thus the particle related
translational entropy is maximized. Furthermore, the horizontal orientation increases the
A-monomer/NP contact area in the region and thus gain enthalpic energy. In figure 4.10,
we show the excess stretching energy of ∆Eel for all the simulated points in the phase space.
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Figure 4.9: Difference in the average elastic energy per bond, ∆Eel, between the chains near
the walls and that in the bulk as a function of diblock composition f . Inset : ∆Eel for the
A-block and B-block of the DBC. The data points displayed here correspond to the encircled
points in the figure 4.6 and the last two data points are for the vertically oriented lamellae.
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Figure 4.10: Excess stretching energy per bond, ∆Eel, shown for all the simulated points in
the phase diagram.
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4.4.1 Lv and Lh phases under heating-cooling cycles:
In order to check the stability of the structures formed, the systems are tested against
different thermodynamic pathways. In one case, we perform slow heating-cooling cycle,
while in the other case, we perform rapid heating-cooling cycle (quenching) as explained
below. Then the structures before and after the cycle are compared. For vertical lamellae we
consider figure 4.2(e) (f = 0.5 and Φp = 0.077), while for the horizontal lamellae figure 4.3(d)
(f = 0.271 and Φp = 0.143) is used. The orientational change during heating and cooling is
monitored through the orientational correlation of the end-to-end vector defined as
En(t) =
〈
Ln
(
e(t) · e(0)
|e(t)| |e(0)|
)〉
, n = 1, 2, .. (4.1)
where e(t) and |e(t)| are the end-to-end vector of a chain and its magnitude respectively
at time t, and Ln represents the Legendre polynomial of n
th degree. We also calculate the
average orientation function,
g(t) =< cos2θ(t) > , (4.2)
where θ(t) is the inclination angle of a chain’s end-to-end vector about Z-axis at time t.
When g(t) = 1.0 (upper bound) the chains are perfectly normal to the confining walls, and
when g(t) = 0 (lower bound) the chains are parallel to the walls.
Slow heating-cooling cycle:
The ordered lamellar structures (Lh and Lv) at T=1.0 are continuously heated to T=4.5
where the systems are in disordered state. Here, we increase or decrease 1 unit of temper-
ature during 1 × 107 MD steps. The average orientational correlation function E2(t), and
the average orientation of the chains about Z-axis during heating and cooling are shown in
figure 4.11 for Lh phase and in figure 4.12 Lv phase.
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Figure 4.11: Evolution of average orientation correlation E2(t), fig.(a), and in fig.(b) is
< cos2θ(t) > during slow heating-cooling cycle for Lh phase.
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Figure 4.12: (a) E2(t), and (b) < cos
2θ(t) > during slow heating-cooling cycle for Lv phase.
Configurations corresponding to the points labeled (i), (ii), and (iii) in the cooling curve of
fig.(b) is shown on the right.
For Lh phase during heating, initially E2(t) decays rapidly from 1 and stays around 0.25
in the interval T=2.0 to T=3.0, but above T=3.0 it decays further to zero, and the whole
curve looks like two-step process. During cooling, the correlation function increases and
vary slowly about 0.25. In the interval 3.0 < T < 4.0, the lammelae are weakly ordered,
and the hysteris indicates that the structure formation is a discontinuous transition. If we
look at g(t) curve, we can conclude that at the end of heating-cooling cycle (or when the
lamellae is formed upon cooling) the average chain orientation is very close to the initial
value.
On the other hand, for Lv phase, the E2(t) and g(t) curves suggest that the structures
before and at the end of heating-cooling cycle are not the same. As we can see in fig-
ure 4.12(b), for T < 1.5 the value of g(t) increases from 0.2. This increase is due to the
fusion of lamellae creating defects. The final configurations are shown in figure 4.14 for both
Lh and Lv phases.
Rapid heating-cooling cycle:
The ordered systems at T=1.0 are heated at T=4.5 and afterwards they are quenched to
T=1.0. As before, here also we monitor the evolution of E2(t) and g(t) during the heating-
cooling cycle and it is summarized in figure 4.13 for both Lh and Lv phases. For Lh phase,
g(t) reaches close to the initial value after relaxing (T=1.0) for a long time, but the final
morphology is quite different from the initial, see figure 4.14. For instance, the horizontally
oriented lamellar structure formed after the cycle is perforated and the number of lamel-
lae layers decreased. On the other hand, for Lv phase the value of g(t) is far from the
initial value even after the long relaxation time, see figure 4.13(b). This difference can be
attributed to the difference in the initial and final structures, see figure 4.14.
The above slow and rapid heating-cooling cycles illustrates that the final morphologies
64
4.4 Nanoparticle induced horizontally oriented lamellar structure
depend on the thermodynamic pathways. Under the given constraint, i.e. confinement in
slit geometry, the systems can get stuck in one of the possible morphologies with free energy
very close to the true equilibrium value. However, it may be possible that upon repeated
heating-cooling cycles the systems can attain the equilibrium morphologies.
0
0.5
1
1.5e+07 2e+07 2.5e+07 3e+07
0.3
0.4
0.5
0.6
0.7
E
2
(t
)
<
 c
o
s2
θ
(t
) 
>
t (MD steps)
T = 1.0
T = 4.5
T = 1.0
T = 4.5
(a)
0
0.5
1
1e+07 1.5e+07 2e+07 2.5e+07
0.1
0.2
0.3
0.4
E
2
(t
)
<
 c
o
s2
θ
(t
) 
>
t (MD steps)
T = 1.0
T = 4.5
T = 1.0
T = 4.5
(b)
Figure 4.13: E2(t) and g(t) =< cos
2θ(t) > during rapid heating-cooling cycle for (a) Lh
phase, and (b) Lv phase.
slow heating-cooling rapid heating-cooling
Lh
vL
Figure 4.14: configurations after the heating-cooling cycles.
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4.5 Density profile and chain extension
We consider the dotted region in the phase diagram shown in figure 4.5 where the diblock
composition f = 0.23 and the morphological transitions upon increasing NP concentration
Φp are : C→ Lh → Cinverted. Furthermore, Lh phase in the above region exists over a wide
range of Φp and this allow us to investigate directly the effect of increasing NP concentration
on the lamellar morphology. In figure 4.15 we show the laterally averaged volume fraction
profile as a function of distance Z. Figure 4.15(a) corresponds to the volume fraction profile
for the cylindrical phase, while that of figure 4.15(b)-(d) corresponds to the lamellar phase
and we will focus on the lamellar phases.
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Figure 4.15: Laterally averaged volume fraction profiles for f = 0.23 and at different values
of Φp indicated in the figure. Fig.(a) is for the C phase, while fig.(b)-(d) is for the Lh phase,
also see dotted region in the phase diagram in figure 4.5. The walls are located at Z/σ=-25.0
and Z/σ=25.0.
Let us denote DA+P and DB for the thickness of the A+P and B layers of the lamellae
respectively. As indicated in the figure 4.15(b) the value of DB ≈ 2DA+P for the low NP
concentration and thus we see a lamellar structure with high asymmetry in the thickness
of A+P and B layers. However, as we gradually increase the value of Φp, the thickness of
A+P layer increases as expected, while that of B layer decreases. This increase in the value
of DA+P with increasing Φp is related to the increase in the NP uptake by the A-phase until
it reaches a saturation point and beyond which the excessive NPs are expelled from the A-
phase and form a condensate in the middle of A-layers, see figure 4.15(d). Moreover, upon
increasing the value of Φp additional NP layers are formed at the polymer-wall interfaces
by the segregated NPs and as a consequence the available volume for the nanocomposite
decreases, and thus the thickness of NP repulsive B-layer decreases to conserve the film
thickness. The role of selective NPs in forming a commensurable Lh phase, e.g. effect of
varying NP concentration and film thickness, in the presence of repulsive confining walls
will be discussed in chapter 5. The density profiles shown here for the NP in lamellar phase
is in agreement with an earlier theoretical prediction for the inclusion of relatively small
nanoparticles in the symmetric DBC matrix [19] i.e., the excessive NPs are segregated at
the A-B interfaces and at the center of A-layer.
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Figure 4.16: Average end-to-end distance, R, as a function of Φp for f = 0.23 (dotted region
in the phase diagram, figure 4.5). (a) For A and B blocks, and (b) the entire chain, A-B.
The overall chain extension is compared with the system where non-selective-NPs are added.
Dotted line in (b) is R for Φp = 0.0. See figure 4.17 for the corresponding elastic energy
profiles.
The root-mean-squared end-to-end distance of the chains denoted by R is plotted as a
function of Φp as shown in figure 4.16. Here, we have considered the same dotted region in
the phase diagram which we have used for the calculation of density profiles, see figure 4.15.
The first and the last data point is for the C phase, while that in between is for the Lh phase.
Transformation from C to Lh phase upon increasing Φp is associated with a decrease for
A-blocks and an increase for B-blocks in the value of R, see figure 4.16(a). However, within
the lamellar region the extension of A-blocks increases while that of B-blocks decreases
with the increase of NP concentration and this agrees with the change in the thickness of
individual lamellar layers observed in the density profiles, see figure 4.15. As we can see
in figure 4.16(b), the value of R for the entire chain within the Lh phase slightly decreases
with increasing Φp. If we now look at the average elastic energy per bond, Eel, for the
entire chain (AB) and its individual blocks (A and B), we see that A-block pays the highest
stretching penalty except at the point where it first form lamellae from the cylindrical phase
(Φp ≈ 0.15), see figure 4.17. Morphological transition at low NP concentration i.e., C→ Lh
is related with a sudden decrease in the value of Eel for A-blocks and thus reduce the
penalty related to over-stretching of A-blocks. Whereas, for the transition Lh → Cinverted at
relatively high NP concentration we see that the value of Eel does not differ significantly and
therefore suggest that the transition is driven mainly by the segregated NPs i.e., tendency
to maximize the translational entropy and packing contributions.
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Figure 4.17: Average elastic energy per bond Eel for the A-block, B-block and the entire
chain AB. The first and last data points correspond to C phase, while the three data points
in between is that of Lh phase.
4.6 Summary
Using molecular dynamics simulations, we have investigated the phase behavior of DBC/selective-
NP mixtures confined by purely repulsive walls in slit geometry. Various structures formed
by the nanocomposites in this restricted geometry have been studied and we have con-
structed the corresponding phase diagram. The confinement influences the microdomain
orientation relative to the confining walls which we have discussed in detail considering the
lamellar phase. Also we have studied the effect of nanoparticle concentration on the lamellar
layer thickness and chain extension by considering a horizontally oriented lamellae.
The phase diagram in confinement shows deviations from that of bulk systems. Here,
we observe a much wider lamellar region with a broad class of lamellar structures. As we
increase the NP concentration the phases are shifted to smaller values of diblock compo-
sition. An interesting finding is the existence of both horizontally and vertically oriented
lamellae which can be obtained at appropriate combination of NP concentration and di-
block composition. We have found that irrespective of the NP concentration there is always
some amount of NPs present in the polymer-wall interfaces and this affect the orientation
of microdomains depending on the concentration. In particular, we have studied transition
between the vertically and horizontally oriented lamellae induced by the nanoparticles. In
vertically oriented lamellae chains near the walls are more stretched than in the bulk due
to the presence of segregated nanoparticles forming stripes at the polymer-wall interfaces.
Thus, the A-B interface lines are distorted while approaching the walls. Analysis of the
excess stretching energy of the chains close to the walls reveal that by transforming the
lamellar orientation from vertical to horizontal with respect to the walls the chains can
relax the stretching. We have also found that the stretching of chains close to the wall is
mainly a contribution from the NP repulsive B-blocks. This observation is in contrast to
the morphological transitions where the stretching of the NP selective A-blocks and NP
contributions are the major driving force. Also, we have tested the stability of the Lh and
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Lv phases by performing slow and rapid heating-cooling cycles.
Within the horizontally oriented lamellar morphology adding of more selective-NP in-
creases the A-layer thickness, while the thickness of B-layer decreases. Apart from the NPs
at the polymer-wall interfaces, at high NP concentrations, the excessive NPs are segregated
at the A-B interfaces and at the middle of A-layers forming a condensate. The overall chain
extension, however, decreases with increasing NP concentration which is related with a de-
crease in the available volume for the nanocomposite due to the formation of NP layers at
the polymer-wall interfaces.
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Chapter 5
Diblock-copolymer and selective-
nanoparticle mixtures in lamellar
phase : commensurability and
wetting transition
5.1 Introduction
Copolymer melts in confinement (thin films) display interesting features which arise due to
the mismatch in the characteristic length scales i.e., microphase period and film thickness.
The conformational statistics of polymer chains when close to a wall is anisotropic and this
give rise to an entropic surface field as discussed by Sommer and coworkers for a symmetric
diblock-copolymer (DBC) melt confined between two purely repulsive walls. [1] Such en-
tropic surface field give rise to the preferential orientation of the microdomains relative to
the confining walls. Thin films are interesting not only because of its potential applications,
but also to gain insight into the behavior of dense polymer system in restricted environment.
Several experimental and theoretical studies have addressed different aspects includ-
ing the commensurability and stability of parallel and perpendicular morphologies of the
thin-films formed by a pure symmetric-DBC, see reference [1–7], but to lesser extent for
DBC nanocomposite systems [8–12]. In Chapter 4, we observed that the DBC/selective-
NP mixtures can form horizontal lamellae even with a purely repulsive confining walls and
this morphology being stable over a wide range of NP concentration. Motivated by the
observation of such NP-induced horizontal lamellae we study the role of NP in forming a
commensurable lamellae in this chapter, also the transition to a polymer-wetted surface
phase when the confining surface is selective will be discussed using a mean-field approach.
The problem of morphology selection (here mainly perpendicular vs. parallel) is of ma-
jor interest for possible applications. Nanoparticles can influence on these morphologies and
this might be an interesting and new possibility to control them. It has been observed in a
recent experiment [10] that lamellae orientation can be changed using thermally-stable gold
NPs with tuned surface chemistry. The freedom of the system to take-up only a part of
the NPs provided to the composite in order to minimize the Free energy is most important
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for the parallel morphology. Here, controlled take-up can reduce the frustrations imposed
by the film-thickness and might favor the parallel orientation. This effect becomes also
important when the confining surfaces are selective with respect to one of the DBC phases.
This is the problem we consider in the present work by using simple mean-field arguments.
Here, with the mean-field method we maintain simplicity in the results without losing the
complexity of the problem, also it forms the basis for a more complete description where
various morphologies are taken into account.
In this chapter, considering a parallel morphology, the effect of NP concentration, film
thickness and monomer-NP interaction in forming a commensurable lamellae in the absence
of enthalpic interaction between polymer or NP and walls (purely repulsive walls). An
interesting scenario arises if particles can form a separated phase on top of the polymer
layer as shown in figure 5.1. In this case uptake or release of nanoparticles can reduce
frustration effects which originate from a mismatch of equilibrium lamellar period and the
thickness of the layer. The equilibrium properties of the nanocomposite considering both
polymer non-selective and selective walls will be discussed in this chapter. In both the wall
types, we consider a dense NP layer which can be formed in the polymer-wall interface
as shown in figure 5.1 and such phase is called ”non-wetted” phase. When the walls are
selective with respect to the NP-selective block of the DBC we assume that for some value of
the monomer-wall interaction the polymer can incorporate all the NPs and wets the surface.
The transition to such ”wetted” phase will be discussed and a corresponding phase diagram
will be constructed.
(a) (b)
Ai
h
A
Figure 5.1: (a) Schematic illustration of a horizontally oriented lamellar structure formed by
DBC/selective-NP mixture confined between two identical non-selective walls of separation
L. NPs driven out of the polymer matrix forms a dense layer of thickness ∆ in the polymer-
wall interface regions. (b) Magnification of the dotted region in (a): Each chain with a
fraction of NP absorbed in it has a chain extension (hA + hB) and an A-B interface contact
area Ai.
5.2 Non-selective confining walls : commensurability and role
of nanoparticles
In strong stretching limit the pure phase of DBC form a dry polymer brush [13]. Analogy
between a polymer brush and DBC in strong stretching limit has been exploited by Pryamit-
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syn and Ganesan to study density distribution of NPs and influence of NPs on the lamellar
thickness and elastic constants of DBC [14]. It is important to note that unlike a surface
grafted polymer brush the grafting density of a DBC-brush can vary depending on temper-
ature and NP density. In our present study, we ignore effects of a non-homogeneous brush
potential [15] and we consider a homogeneous distribution of particles inside the copoly-
mer phases. In this section we will consider a purely repulsive wall and study the general
behavior of the confined composite system.
5.2.1 Mean-field free energy construction
In figure 5.1(a), we sketch a single layer of horizontally oriented lamellae confined between
two identical non-selective walls. Each chain has an interface contact area, Ai and an av-
erage height, hA and hB of the A and B blocks respectively, see figure 5.1(b). We assume
that the NPs are selective with respect to the A-block and therefore the up-taken NPs are
exclusively confined within the A-phase of the copolymer layer. A region of thickness ∆ is
formed at the polymer-wall interface by the NPs expelled from the polymer matrix as shown
in the figure 5.1(b). We consider this as a crystalline layer and set the free energy per NP
to zero, i.e. consider this as the ground state of the NPs.
Let us assume that the preparation of the film consists of mixing a certain amount of
NPs with a given amount of DBC. The total number of NPs available per chain, n, remains
an overall constant. The NP and polymer volume ratio denoted by φ is given as
φ =
nvp
Nσ3
, (5.1)
where vp and σ
3 are respectively the volume of a NP and a Kuhn-monomer and we put
σ = 1 for convenience, and N is the number of monomers in a chain. Suppose, NA is the
number of monomers in the A-block then the fraction of A is defined as f = NA/N , and
thus the number of monomers in B-block is NB = N(1 − f). As shown in figure 5.1(b),
if we denote the fraction of NPs absorbed in the A-phase of the copolymer by x then the
condition of incompressibility is defined by the following set of equations
Ai · hA = N(f + φx) ,
Ai · hB = N(1− f) ,
Ai · δ = Nφ(1− x) . (5.2)
Here, we have defined an intensive quantity δ = ∆/p, the NP layer thickness per lamellar
layer, where p is the number of lamellar layers. Further, to accommodate p number of
lamellar layers together with a NP layer of thickness ∆ in between the walls separated by a
distance L the condition of commensurability requires that
p(h+ δ) = L/2 , (5.3)
where h = (hA + hB). The example in figure 5.1(a) corresponds to p = 1. From equa-
tions (5.2) and (5.3), we get
Ai =
2Np
L
(1 + φ) , (5.4)
δ =
L
2p
(
φ− y
1 + φ
)
. (5.5)
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Here, we denote the uptake of nanoparticles in the A-phase of copolymer film by y and it
can be written as
y = φx : 0 ≤ x ≤ 1 , (5.6)
but the expression for the optimal amount of NP uptake in terms of other fixed parameters
of the system will be derived later in the section. The reduction in the thickness of the NP
layer (per lamellar unit) due to the uptake of NPs in the polymer matrix is given by
λ = δ(y = 0)− δ(y) = L
2p
(
y
1 + φ
)
. (5.7)
Because of mass conservation λ is added to the particle selective A-block, thereby chang-
ing the overall chain extension. The contribution to the total free energy due to chain
stretching and interface tension per chain, FDBC, following the narrow interface approxima-
tion [16] can be written as
FDBC =
3
2NA
(
h0A + λ
)2
+
3
2NB
h2B + χ
1/2Ai , (5.8)
where χ is the effective Flory-Huggins interaction parameter where non-universal constants
within the narrow interface approximation are taken into account. The first term in equa-
tion (5.8) corresponds to the stretching of A-blocks, where h0A = f
(
L
2p − δ(y = 0)
)
=
L
2p
f
(1+φ) is the thickness of A-block for y = 0 and thus
hA =
(
h0A + λ
)
=
L
2p
(
f + y
1 + φ
)
; (5.9)
the second term corresponds to the stretching of B-blocks with
hB =
L
2p
(
1− f
1 + φ
)
. (5.10)
In writing the free energy expressions we set the value of thermal energy, KBT , to unity.
We note that h0A is obtained due the geometrical restriction (confinement) and do not cor-
respond to the equilibrium chain extension at zero NP uptake. The first and second terms
together represent the stretching of the block-copolymer (Fbc).
The free energy contribution per chain due to the particles, FNP, is given by the following
expression,
FNP = nA
[
log(η) +
4η − 3η2
(1− η)2
]
− εpηNA . (5.11)
Here, nA = (yNA/fvp) is the number of NPs in A-phase, η is the NP volume fraction
within the A-phase given by η = y/(f + y). The first term on the rhs of equation (5.11)
corresponds to the ideal translational entropy of a hard-sphere gas (Fte), while the sec-
ond term is the non-ideal part approximated by the Carnahan-Starling equation (Fcs) [17].
The third term represents the mean-field interaction of the polymer chain with the particles
(Fen) at the given volume fraction η, and εp denotes the strength of monomer-NP attraction.
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Adding equations (5.8) and (5.11) we obtain the total free energy per chain,
F ' 3
2NA
h2A +
3
2NB
h2B + χ
1/2Ai
+ nA
[
log(η) +
4η − 3η2
(1− η)2
]
− εpηNA , (5.12)
where the expression for hA and hB are given by the equation (5.9) and (5.10) respectively.
Let us introduce a characteristic length scale ξ defined as
ξ =
(√
χ
3
)1/3
N2/3σ (5.13)
which corresponds to the equilibrium chain extension for a pure symmetric DBC melt in
bulk obtained within the framework of our model [18]. In figure 5.2, we plot the total free
energy F shown in equation (5.12) at two different values of wall separation L as indicated in
the figure. Here, the idea is to illustrate that the lamellae formed by the nanocomposites at
a fixed value of L may be in a frustrated state and variation in the number of lamellar layers
p can drive the system towards a higher/lower free energy state depending on the ratio of
film thickness and equilibrium lamellar period. Shown in figure 5.2(a), for L/2ξ = 1.0 the
system show an increasing tendency of F for p > 1, whereas at L/2ξ = 1.5, see figure 5.2(b),
it shows a decreasing tendency of F with increasing p. This suggests the existence of a pre-
ferred value of p at each value of L which minimizes the total free energy of the system.
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(a) L/ξ = 2.0 (b) L/ξ = 3.0
Figure 5.2: Change in the total free energy per chain, F (L, φ), as a function of the absorbed
fraction, x, of NPs for εp = 0.001, χN = 100, NP diameter σp = 2σ, and f = 0.4. Results
shown for φ = 0.08, and for p = 1 and p = 2 at two different values of wall separation (a)
L/ξ = 2.0 and (b) L/ξ = 3.0. Arrows indicate the direction of shift of the free energy curve
upon changing the number of layers from 1 to 2.
For a given film thickness, L, the minimum of F with respect to the NP uptake (∂F/∂y) =
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0, gives the equilibrium uptake of NPs as
3ξ2(1 + y/f)
Nρ2
+
N
vp
[
log
(
y
f + y
)
+
f
f + y
]
+ tcs −
εpNf
(f + y)2
= 0 , (5.14)
where tcs ∼ (8y/f + 3y2/f2) is the contribution from Carnahan-Starling term and ρ is
defined as
ρ =
[
1− f + f(1 + y/f)2
]1/3
. (5.15)
Equation (5.14) in the limit y  1 can be solved and it has the following form
y ∼ f exp
[
vp
(
εp/f − (3χ/N2)1/3
)]
, (5.16)
and thus increasing N or εp increases the uptake y. An exact solution of equation (5.14)
at large values of y cannot be obtained as we did in the limit y  1, and therfore we
solve it numerically for large values of y to understand the equilibrium properties of the
system. Now, at fixed L and y, the optimal number of lamellar layers p is obtained by
setting
(
∂F
∂p
)
L,y
= 0 and it has the following expression
p =
L
2ξ
ρ
(1 + φ)
. (5.17)
Thus, at a fixed value of L and y increasing φ would lead to a decrease in the optimal num-
ber of lamellar layers. A simultaneous solution of equations (5.14) and (5.17) determines
the equilibrium state of the polymer-nanocomposite at the given wall separation and overall
nanoparticle fraction.
We take the copolymer nanocomposites in bulk as a reference state and the free energy
contribution per chain in bulk, Fbulk, can be written as [18]
Fbulk '
3
2N
h2b + χ
1/2N(1 + y)
hb
+ FNP , (5.18)
where hb is the total extension of a DBC chain in bulk, and FNP is the NP contribution
shown in equation (5.11).
For the numerical calculations, we fix the values of χ (= 0.1) and N (= 1000) such
that χN = 100 (strong segregation regime), and choose a diblock composition of f = 0.4.
This choice of slightly asymmetric DBC is motivated by the simulation results of chapter
4 that for a DBC/selective-NP mixtures confined by purely repulsive walls a horizontally
symmetric lamellae formed with the asymmetric DBC can be stable over a wide range of
NP concentration values. Here, we use relatively small NPs i.e., σp = 2σ, where σ and σp
are respectively the monomer and NP diameters, and we vary the NP volume fraction φ in
the range 0 ≤ φ ≤ 0.8. Within the mean-field treatment presented here the effects due to
the inclusion of big NPs, e.g. chain conformations, cannot be captured accurately and thus
we restrict to relatively small NPs. Numerical solutions of equations (5.14) and (5.17) are
obtained for the equilibrium NP uptake y, and the optimal number of lamellar layers p for
a given film thickness L. In the following, we start with the discussion of fixed film thickness.
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Figure 5.3: (a) Equilibrium uptake of NPs, y, as a function of φ for a given wall separation
(L/ξ = 8.0) at εp = 0.001 and εp = 0.10. The saturation threshold, φs = 0.056, is indicated
for εp = 0.001. The quantity φs is equal to the optimal amount of NP uptake. Inset : The
average plateau height as a function of εp . (b) Various terms which contributes to the total
free energy shown in eqn. 5.12 plotted as a function of εp calculated at the optimal value of
NP uptake shown in fig. (a). See text for the meaning of the symbols.
5.2.2 System at a fixed film thickness
For very thin films, e.g. L/2ξ < 1, the bulk equilibrium lamellar period cannot be realized
and therefore we choose a film of thickness L/ξ = 8.0 so that the system can also realize
the bulk values.
The equilibrium NP uptake, y, as a function of φ for a fixed wall separation of L/ξ = 8.0
is shown in figure 5.3(a). For a given value of monomer-NP interaction εp there is an opti-
mal amount of NP uptake, y, given by the equation (5.14) and it is equal to the saturation
threshold denoted by φs in the absorption isotherm shown in figure 5.3(a). As indicated by
the plateau in the curve of y, for a given value of εp there is no more uptake possible beyond
the threshold value φs. However, in the region φ < φs we see a linear increase with y = φ
because of the value of φ being smaller than the value of optimal y = φs for the given εp and
the NPs are completely absorbed by the copolymer film. The optimal amount of NP uptake
increases with εp as shown in the inset of figure 5.3. Each point in the inset of figure 5.3
represents the average plateau height for the corresponding εp .
A comparison of the various terms which contributes to the total free energy, see equa-
tion (5.12), plotted as a function of εp is shown in figure 5.3(b). Here, for εp > 0.2 contri-
butions from the Carnahan-Starling (Fcs) and the monomer-NP enthalpic interaction (Fen)
terms dominates the other terms, and thus a higher NP uptake at large εp is limited mainly
due to the large positive Fcs (packing) contribution.
In figure 5.4, we show the equilibrium free energy, F (φ), and the corresponding optimal
number of lamellar layers, p, as a function of φ obtained at two different values of εp when
L/ξ = 8.0. Results are shown for (a) εp = 0.001 and (b) εp = 0.50. The free energy is lower
for the higher value of A-monomer/NP attractive interaction εp , however, in both cases
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there is a decrease in the optimal value of p as we increase φ, and the change is associated
with a cusp in the free energy curve. For higher values of εp the transition points are shifted
to higher values of φ. The free energy displays a minimum for a given number of lamellar
layers with respect to φ. It is interesting to note that, unlike the horizontal lamellae formed
by a pure DBC, here the frustration present in the system at a given NP volume fraction
can be reduced by changing the monomer-NP interaction strength alone. For example, the
highly unfavorable points (cusp) in the free energy curve at φ ' 0.2 and φ ' 0.65 are shifted
to the right upon increasing εp and thus reduce the frustration at that point, compare fig-
ure 5.4 (a) and (b). This also illustrates the possible role of temperature T in reducing the
frustration of nanocomposite films because the monomer-NP enthalpic interaction strength
εp ∼ 1/T .
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Figure 5.4: Equilibrium free energy per chain, F (φ), and the corresponding optimal number
of lamellar layers, p. The wall separation is fixed at L/ξ = 8.0. (a) εp = 0.001 and (b)
εp = 0.50. Dashed line represents the free energy in the bulk, see equation (5.18).
The change in the thickness of NP layer as a function of overall NP volume fraction, φ,
for fixed L is shown in figure 5.5(a) and (b). The NP layer thickness vanishes for φ ≤ φs
because below the threshold value φs all the NPs are absorbed in the polymer matrix, see
also figure 5.3. Further, the value of ∆ is consistently lower for higher εp since the NP
uptake y is higher for higher values of εp . Increase of total NP layer thickness ∆ with φ
is smooth, figure 5.5(a), and scales with φ as ∆ ∼ φ/(1 + φ) according to equation (5.5).
However, the change of NP layer thickness per lamellar layer d has jumps, figure 5.5(b), due
to the change in the optimal number of lamellar layers with increasing φ, see figure 5.4, but
the scaling with φ remains the same.
In figure 5.5(c), we display the change in equilibrium chain extension, D, under the
variation of φ at a given value of wall separation L/ξ = 8.0. At low NP concentration
(φ ≤ φs) the chain extension is equal to that of pure DBC melts in the bulk, D/ξ = 1.0 (we
have chosen a commensurable value of L), and D/ξ decreases with increasing φ above φs.
Discontinuous relaxation of D/ξ to higher values is observed when φ is further increased.
Thus, D(φ) at fixed L displays sawtooth-like behavior, and jumps in D are related with
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Figure 5.5: (a) Total thickness of the NP layer ∆, (b) thickness of NP layer per lamellar
layer, d, and (c) the corresponding chain extension, D, plotted as a function of φ. Results
are shown for three different values of εp indicated in the figure, and L/ξ = 8.0. Here, the
NP layer thickness scales with φ as ∆ or d ∼ φ/(1 + φ).
the transition of the number of lamellar layers. In accordance with the previous result, the
value of φ where D is discontinuous increases for larger εp . In general, the chain extension
oscillates about D/ξ = 1.0, and the maximum/minimum value depends on the film thickness
and the number of lamellar layers.
5.2.3 System under the variation of film thickness
The variation of the equilibrium free energy and the corresponding change in the optimal
number of lamellar layers as we vary the film thickness will be discussed here. We determine
the lowest free energy state by varying the NP uptake, y, and the number of lamellar layers,
p, for a given L and φ, and then we vary L in the range 1 ≤ L/ξ ≤ 10.
In figure 5.6, we display the optimal free energy, F (L), and corresponding optimal num-
ber of lamellar layers, p, obtained at different values of NP concentration, φ, indicated in
the figure while keeping εp = 0.001. As we can see in figure 5.6(a), for larger φ the free
energy curve as a whole is shifted to the right i.e., minima positions moved to higher values
of L/ξ. This behavior can be understood if we recall the fact that increasing φ above the
saturation threshold φs creates a NP layer whose thickness increases with increasing φ, see
figure 5.5(a), and thus a larger value of L corresponds to the optimal free energy at larger φ
when εp is fixed. In order to rationalize this behavior we consider the rescaled film thickness
L̃ ≡ L/L1, where L1 is the film thickness at which F (L) has first minimum, see figure 5.6(a).
If we now plot F as a function of rescaled film thickness we see that the free energy curves
for different φ fall on top of each other, and thus F (L̃) no longer has φ dependence, see fig-
ure 5.7. The positions of the minima correspond to the optimal film thickness for p = 1, 2, 3
and so on. We observed similar behavior for other values of εp . The rescaled form of free
energy curve displayed in figure 5.7 can be obtained directly from the equation (5.12) as
shown below.
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Figure 5.6: (a) Equilibrium free energy, and (b) corresponding optimal number of lamellar
layers as a function of wall separation, L/ξ, at φ = 0.08, 0.24 and 0.40 while keeping
εp = 0.001. First minimum in the free energy curves are encircled to highlight the shift
along the X-axis with increasing φ, see Fig. (a).
The equilibrium film thickness, L, at fixed y and p for a given φ is obtained by setting(
∂F
∂L
)
y,p
= 0, and it has the following expression
L = 2p(1 + φ)ξρ−1 . (5.19)
Thus,
L1 = Lp=1 = 2(1 + φ)ξρ
−1 , (5.20)
and using this expression of L1 in equation (5.12), we get
F ' 3
2N
(
L̃ξ
p
)2
ρ−1 + χ1/2Nρ
(
p
L̃ξ
)
+ nA
[
log(η) +
4η − 3η2
(1− η)2
]
− εpηNA . (5.21)
Here, by introducing the rescaling film thickness L̃ = L/L1, the free energy F no longer
depends on φ as in figure 5.7. The dependence of φ enters only in L1, see equation (5.20).
The value of equilibrium chain extension, D, as a function of rescaled film thickness L̃
when εp = 0.001 is shown in figure 5.7. As we can see, the value of D/ξ oscillates around 1
and amplitude decreases with increasing film thickness. Since, the NP uptake at εp = 0.001
is very low, see figure 5.3, it is expected that D/ξ will finally converge to 1 at very large
values of L. The behavior of chain extension shown here for the nanocomposites is almost
the same as that obtained experimentally by Russell and coworkers for a pure symmetric
DBC in confinement.[19]
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Figure 5.7: (Left) Equilibrium free energy per chain, F , shown in figure 5.6(a) plotted as a
function of rescaled film thickness L̃ = L/L1, see text for the definition of L1. Dashed line
represents the free energy in the bulk, see eqn. (5.18). In the inset we show the change of
L1 as a function of φ. (Right) Equilibrium chain extension, D, as a function of rescaled film
thickness, L̃ calculated at different values of φ while keeping εp = 0.001.
5.3 Selective confining walls : non-wetting to wetting transi-
tion
For non-selective walls, above the saturation threshold φs a NP layer of thickness ∆ > 0
is formed and separates the wall from the DBC. If the walls are attractive with respect to
A-monomers then for some values of monomer-wall interaction the A-phase could wet the
surface by up-taking all the NPs.
5.3.1 Mean-field free energy
To study the case of selective walls, we add a monomer-wall interaction term to the free
energy given by equation (5.12). Contribution to the total free energy due to the A-
monomer/wall interaction is denoted by Fw, and it is approximated by the product of
an effective monomer density near walls cA and the monomer-wall interaction strength per
chain γAi :
Fw = − γAi · cA , (5.22)
where γ is the interaction strength per unit area. Assuming a homogeneous NP distribution
inside the A-phase, we define the effective monomer density near walls as
cA = 1− α
(
φ
f + φ
)
, (5.23)
where α =
(
a
d
/vp
)
σ with a
d
as the area of monomer depletion region on the walls due to a
NP close to the wall.
According to figure 5.8 we obtain a
d
= πσσp. The second term on the rhs of equa-
tion (5.23) represent the overall reduction of monomer-wall contact area due to NPs in the
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p 
wall 
monomer depletion radius,
Figure 5.8: Schematic illustration of monomer depletion region due to a nano-particle close
to wall. On the wall, a region of radius Rd from the center of a NP is not available to
monomers. The depletion radius, depending on the particle size, vary as Rd = σp/
√
m,
where m = σp/σ, and thus the area of depletion region ad = πσ
2
p/m.
vicinity of walls. The total free energy for the ”wetted“ F1 is
F1 = Fy=φ + Fw . (5.24)
If a transition to the wetted phase from the non-wetted phase is possible then the following
condition must be fulfilled
∆F ≤ 0 , (5.25)
where ∆F = F1 − F is the free energy difference between the wetted (eqn. 5.24) and the
non-wetted (eqn. 5.12) phases for a given φ and L. Equation 5.25 at equality gives the
critical value γ∗.
5.3.2 Non-wetting to wetting transition
In this section, using numerical calculations, we will discuss the transition between the
”wetted” and the ”non-wetted” phases as a function of NP volume fraction φ for a film of
thickness L/ξ = 8.0. For the numerical calculations, we first optimize the free energy for
the ”wetted“ case F1 by varying p for a fixed value of γ, L and at y = φ for a given φ. Next,
we calculate the free energy F according to equation (5.12) for the equilibrium values of p
and y. Using equation (5.25) we calculate γ∗ for which the equality is exactly fulfilled.
In figure 5.9(a), we display the phase diagram in φ − γ plane showing “wetted” and
“non-wetted” phases. Since, for φ below the saturation threshold, φs, there is a complete
uptake of nano-particles in A-phase, see figure 5.3, and therefore the free energy difference
between the two phases ∆F = 0. Thus, the critical value of interaction strength γ∗ = 0 for
φ < φs. However, when φ > φs we have ∆F 6= 0 and thus obtained a non-zero γ∗ and the
value of γ∗ increases rapidly on further increase of φ. As we can see in figure 5.9(a), the
value of γ∗ decreases upon increasing εp at a given value of φ and this is due to the higher
NP uptake at large values of εp . This shift of the coexistence line show the broadening
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wetted
non-wetted
Figure 5.9: (a) Phase diagram : lines separating ”wetted“ and ”non-wetted“ regions - shown
for three different values of εp for L/ξ = 8.0. Above the line is ”wetted“ phase while that
below is ”non-wetted” phase. The coexistence line is shifted to the right for higher εp
indicating the broadening of wetted region. (b) difference in the optimal number of lamellar
layers ∆p between the two phases.
of the wetted phase. Also when crossing the coexistence line in the region γ∗ 6= 0, there
is jump in the number of optimal lamellar layers p, see figure 5.9(b), and a corresponding
jump in chain extension D in going from “non-wetted” to “wetted” phase. This indicates a
discontinuous (first order) transition between the two different phases.
5.4 Summary
In this chapter, we have developed a simplified mean field model based on the strong segre-
gation theory for A-B diblock-copolymers and treating nanoparticle-monomer interaction in
a mean field manner to study the commensurability and wetting transition of nanocomposite
thin films. We have considered both the nonselective and A-block selective wall types, and
a horizontally oriented lamellar structure is considered in both the cases. In this configura-
tion, nanoparticles can be segregated at the walls (non-wetted phase) in order to reduce the
frustration of incommensurability and lower the free energy of the parallel morphology. In
the case of nonselective walls, in particular, we have discussed the NP uptake behavior, effect
of particle concentration and film thickness in forming commensurable lamellae. While in
the case of A-block selective wall, we study the transition to a polymer wetted surface phase.
Nonselective walls: It is observed that at very low NP concentrations, driven by en-
thalpic interactions with A-phase, the NPs are up taken completely in the A-phase (under-
saturated regime). However, at higher concentrations a dense layer of NPs at the polymer-
wall interface is formed, and the uptake of particles is limited mainly by concentration
effects which take into account by Carnahan-Starling term in the free energy (saturated
regime). If the concentration of nanoparticles is increased further keeping a fixed distance
between the walls the optimal number of lamellar layers decreases jump-like. The change
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in the optimal number of layers results in a discontinuous transition of the chains extension
and is associated with a cusp in the free energy. An interesting result that we observed
here is that it is possible to reduce the frustration in a film of fixed thickness by properly
tuning the monomer-NP interaction strength εp , see figure 5.4. On the other hand, when
we increase the film thickness at a fixed value of NP concentration the optimal number of
lamellar layers increases jump-like and the positions of jump i.e., a particular value of film
thickness depends on the NP concentration. This concentration dependence behavior, see
figure 5.6, can be removed by a proper rescaling of film thickness as shown in figure 5.7.
Selective walls: An attractive (selective) interaction between A-monomers and walls
leads to a discontinuous transition between “non-wetted” and “wetted” phases. Here, a com-
plete uptake of particles is more favorable due to the contact energy gained by the A-phase.
Based on our free energy arguments a phase diagram in the plane of nanoparticle-fraction
and monomer-wall interaction has been constructed. In general, we observe broadening of
the “wetted” region upon increasing the nanoparticle-monomer interaction. The transition
between the two phases is discontinuous related with a jump in the optimal number of
lamellar layers.
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[15] A. Halperin and M. Kröger, Langmuir 25(19), 11621 (2009).
[16] E. Helfand and Z. R. Wasserman, Macromolecules, 9, 879 (1976)
[17] N. F. Carnahan and K. E. Starling, J. Chem. Phys., 51, 635 (1969)
[18] L. S. Shagolsem and J.-U. Sommer, Macromol. Theory and Simulations, 20, 329-339
(2011)
[19] T. P. Russell et. al., Physica B 213/214, 22
85
REFERENCES
86
Chapter 6
Diblock copolymer thin films under
stationary shear
6.1 Introduction
In the previous chapters, we have considered copolymer nanocomposite thin films in the
absence of external fields such as electric fields, magnetic fields, and flow fields due to me-
chanical shear. The main focus of the earlier chapters are on the effects of adding nanopar-
ticles on the copolymer morphology, spatial distribution and uptake/segregation behavior of
nanoparticles, and the role of nanoparticle in forming a commensurable film. In the current
chapter we will study the behavior of copolymer thin films with and without nano-inclusions
under shear.
It is well known that the incompatibility between the blocks of diblock copolymers (en-
talpic interaction) drives the microphase separation forming various self-assembled struc-
tures on the order of few tens of nanometers. Because of this self-organizing property at the
nanoscale, block copolymers find applications in many areas such as nanolithography, and
in photonics and flexible electronics e.g. organic photovoltaics, etc. [1–4] The properties
of such electronic devices are strongly influenced by the internal morphology, large scale
orientation of the morphology, and topological defects. Thus, in order to produce highly
ordered and defect-free materials, a great effort has been put into understanding and con-
trolling the microdomain orientation in block copolymers using external fields.[5–8] On the
other hand, block copolymer solutions are often subjected to strong shear flow fields, e.g.
during processing, and therefore it is important to understand the effect of shear on the
morphology and rheology.
Of the various external fields, a shear induced flow field is shown to have the strongest
effect on microdomain orientation.[9, 10] In experiments, shear/drag induced flow (known as
the Couette flow) is established using a Couette cell or parallel plate geometry as shown in
figure 6.1. The sample (polymer solution) confined between the two concentric cylinders or
parallel plates is subjected to a shear flow field by rotating the cylinders/plates. Typically,
highly viscous polymers are studied by large amplitude oscillatory shear,[11] and the rela-
tively low viscous polymer systems by steady shear.[12] A lot of experimental and theoretical
work has been done to understand the rheo-structural relations of complex fluids.[6, 7, 13–20]
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In addition to the microdomain orientation, flow fields can induce morphological transitions
e.g. sphere-to-cylinder and gyroid-to-cylinder,[7, 21–23] shift the thermodynamic phase
boundaries,[24] and even enhance the crystallization of polymer melts.[25]
R1
R2
(a) (b)
Figure 6.1: Schematic of (a) Couette cell - concentric cylinders of radii R1 and R2, and (b)
parallel plate geometry for producing drag induced flow fields. Fig. (a) is the top view of
the Couette cell, and fig. (b) is the side view of parallel plate setup. As indicated in the
figure, the cylinders/plates rotate to produce a steady flow field.
In the current study, we consider a thin film made of symmetric diblock copolymer melts
which form lamellar structure, and then study the system under stationary/steady shear.
The stationary shear is established by applying a constant velocity to the confining walls.
The details of the system and the simulation procedure are explained in section 6.2. In this
chapter, starting with the discussion of static equilibrium properties in section 6.3, we will
explore the system under stationary shear, e.g. flow behavior, change in the interaction
energy due to lamellar deformation, kinetic friction coefficient and viscosity in section 6.4.
Also the effect of adding nonselective nanoparticles will be considered in section 6.5, and in
section 6.6 the results are summarized.
6.2 Model and simulation details
A thin film of symmetric DBC chains having lateral dimensions Lx = Ly = 50σ and thick-
ness Lz ' 25σ is created.1 The confining walls are of explicit atom type and they are fixed
at z = 0.0 and z = 25.0. The diameter of each wall atom is σ = 1, which is same as the
monomer diameter, and the wall atoms are arranged in square lattice with nearest neighbors
separated by σ. In total there are 1250 chains with each chain having 48 monomers and
this gives the number density of the system ρ∗ ∼ 0.95 (polymer melt regime). The Lennard-
Jones (LJ) interaction energy ε is fixed at 0.5 for all the interactions. The interaction cut-off
radii are summarized in the table 6.1.
Constant NVT-ensemble MD simulations are performed where the DPD thermostat
(described in section 2.3.1) is employed to control the temperature. The value of friction
coefficient Γ in the dissipative force term of the DPD thermostat is fixed at Γ = 5.0. The
equations of motion are integrated with timestep δt = 0.005τLJ , with τLJ = σ
√
m/ε. All
1See Chapter 2 for details of the preparation of thin films.
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Table 6.1: Interaction range among the species
Interaction between Cut-off radius (rc in units of σ) Nature of interaction
A - B 21/6 repulsive
A - A or B - B 2.0 attractive
A/B - wall 2.0 attractive
NP - A/B/wall 3.75 attractive
the physical quantities used here are in LJ units (see section 2.2.1).
The disordered system at high temperature (T = 4.0) is cooled down to T = 1.0 where
it forms vertically oriented lamellae. The relaxed sample obtained through step cooling is
shown in figure 6.2(b). Here, the system is first relaxed at T = 4.0 for 2 × 106 MD steps
and then at T = 3.0 and so on with the same relaxation time, and at T = 1.0 we relax for
2× 107 MD steps. Since the walls are non-selective with respect to both components of the
copolymer, see table 6.1, the systems prefers a vertically oriented lamellar structure.[26] As
we can see in the figure, the A-B interface plane is parallel to the Y-axis.
(a) (b)
(step cooling)
(T = 1.0)
time
T
T=4
T=3
T=2
T=1
x
z y
x
z
(T = 4.0)
Figure 6.2: Vertically oriented lamellar structures obtained after step cooling from the
disordered state.
Figure 6.3: Schematic of the two modes of shear: (a) Transverse shear, and (b) Perpendicular
shear. Arrow indicates the direction of shear.
We consider two possible modes of shear defined by the orientation of lamellae with
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respect to the shear direction : (a) Transverse shear - for shear normal to the lamellar
layers i.e. the flow field is along the average direction of chain end-to-end vectors, and (b)
Perpendicular shear - for shear along the lamellar layers i.e. the flow field is normal to the
average direction of chain end-to-end vectors as shown in figure 6.3.
6.3 Diffusion in equilibrium
The self-diffusion of chains in the film without shear is studied from the mean square dis-
placement (MSD). The MSD of the center of mass of the chains along the three orthogonal
directions shown in figure 6.4(a) indicates an anisotropic diffusion behavior. Since the
lamellae are aligned parallel to the Y-axis, see figure 6.2(c), the movement of chains in X
direction is confined to the width of interface fluctuations, and therefore the MSD is the
lowest. However, an increase in the MSD for t > 1 × 107 MD steps (with a crossover ex-
ponent α ∼ 3.3), see figure 6.4(a), indicates the crossover to cooperative motion behavior
of the chains (i.e. towards a diffusive motion of lamellae along the X direction) at large
time scales. Therefore, at large time scales, a diffusive motion is expected along the X-axis
via cooperative movement of the chains. At intermediate and large time scales the motion
along the Y-axis is diffusive. However, the motion along the Z direction is diffusive only in a
certain time window (intermediate time scales) and the effect of confinement becomes appar-
ent beyond this time window, see saturation of the MSD at large time scales in figure 6.4(a).
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Figure 6.4: Mean square displacement of the chains: (a) along X, Y, Z axes for chain center
of mass (COM), and (b) comparison of MSD for middle monomer (mid-mono) and COM
along the unconstrained Y direction. In the inset we plot MSDy/t, and at large time scales
it is roughly 4.98× 10−3σ2/τLJ , see the dashed horizontal line.
The diffusion constant D is calculated using the following relation
D =
∆r2
2dt
, (6.1)
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where ∆r2 represents the MSD, and d and t are the space dimension and time, respectively.
For the unconstrained Y direction, at large time sales ∆r2/t ' 4.98 × 10−3σ2/τLJ , see
horizontal dash line in the inset of figure 6.4(b), and therefore the diffusion constant along
the Y-axis is Dy ' 2.49×10−3σ2/τLJ . By substituting < R2g(y) >' 43.08 for ∆r2 and using
the diffusion constant Dy in equation (6.1) we get the average self-diffusion time of chains
(Rouse time) along Y-axis, τy ' 8.65× 103τLJ .
6.4 Copolymer thin films under stationary shear
When a constant velocity is applied to the confining wall (stationary shear) the motion of
the wall drags the polymer layer in the immediate neighborhood and this layer in turn drags
the next neighboring layer towards the bulk and so on. At long times the system reaches
the steady state where the system’s configuration, flow profile, etc. on average are constant
but there are fluctuations. In figure 6.5, we show configurations of the vertically oriented
lamellae at no shear and under stationary shear in transverse configuration.
(a) (b)no shear under shear
x
z
v
x
-vx
Figure 6.5: Vertically oriented lamellae under transverse shear : (a) structure before shear-
ing, and (b) steady state structure under stationary shear. A constant velocity of magnitude
vx (and −vx) is applied to the upper (and lower) wall along the X-axis.
If vx and −vx are the velocities applied to the upper and lower walls respectively along
the X-axis, and Lz is the walls’ separation then the applied shear rate i.e. the rate of change
of shear strain denoted by γ̇ is defined as
γ̇ =
vrel
Lz
, (6.2)
where vrel = 2vx is the relative velocity of the upper and lower walls. Thus, different values
of shear rate can be achieved by tuning the wall velocity. We compare the behavior of the
copolymer thin film under both transverse shear and perpendicular shear.
In figure 6.6, we display the steady state configurations of the system under transverse
shear. Here, the lamellar layers are inclined along the shear direction and the degree of
inclination depends on the magnitude of shear rate. This inclined state is the steady state
for shear rates below the critical shear rate γ̇∗, see figure 6.6(a)-(c). For γ̇ ≥ γ̇∗, the in-
clined lamellae state is not stable and undergoes a reorientation of lamellae along the shear
direction, see figure 6.6(d)-(i). For our system, the critical shear rate γ̇∗ ≈ 0.006, see fig-
ure 6.6(d). We can see in the figure that for γ̇∗ ≤ γ̇ < γ̇∗1 ' 0.0096, the system can exhibit
vertically oriented lamellae with and without defects. We will show later in section 6.4.2
that in the inclined state i.e. for γ̇ < γ̇∗ there is no net flow of polymers, but a cyclic motion
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(a) 0.0016 (0.02) (b) 0.0032 (0.04) (c) 0.0048 (0.06)
(d) 0.006* (0.075) (e) 0.0064 (0.08)
(f) 0.0072 (0.09)
(g) 0.008 (0.10) (h) 0.0088 (0.11) (i) 0.0096 (0.12)
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Figure 6.6: Steady state structures at different shear rates for transverse shear. Value
indicated within the bracket is the corresponding applied wall velocity. In the figure, shear
is along the X-axis. Fig.(a)-(c) are structures before the critical shear rate, fig.(d) is at the
critical shear rate, and fig.(e)-(i) are above the critical value. The wall atoms are made
transparent to show the underlying structure.
of polymers close to the walls similar to the cyclic chain motion observed in polymer brushes
under shear.[27–30] On the other hand, there is no effect on the copolymer morphology for
perpendicular shear, and the polymers can flow even at small shear rates.
The chain deformation due to the applied shear flow field is measured by the squared
radius of gyration. In figure 6.7(a), we show the average squared radius of gyration < R2g >
at various values of the applied shear rate γ̇ for both transverse and perpendicular shear.
In the case of transverse shear, the lamellar orientation change at the critical shear rate
γ̇∗(≈ 0.006) is reflected by the jump increase in the Y-component of < R2g >. For γ̇ < γ̇∗,
with increasing γ̇ the X-component decreases monotonically, while the Y-component shows
a slight increase. In the case of perpendicular shear, the X-component of < R2g > first
decreases and then increases with increasing γ̇, however, the value is below the equilibrium
(γ̇ = 0) value for 0 < γ̇ ≤ γ̇∗. Whereas, the value of Y-component is larger than the
equilibrium value and it is roughly constant. As we can see, above the critical shear rate
there is no difference between the transverse and perpendicular shear. In figure 6.7(b), we
display the X and Y components of < R2g > up to very large value of γ̇. For γ̇ > γ̇
∗, initially
the chain extension along the Y-axis (ly) is larger than that along the X-axis (lx) and at
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Figure 6.7: The X and Y components of the mean squared radius of gyration < R2g > as a
function of applied shear rate γ̇. (a) Shown for both transverse and perpendicular shear for
γ̇ close to the critical value (indicated by the dash vertical line at γ̇ ≈ 0.006). Open and filled
symbols are for the transverse and perpendicular modes of shear, respectively; (b) Behavior
of < R2g > at much higher shear rates, and (c) Change of the area, Axy = Rg(x)Rg(y), as a
function of the applied shear rate for perpendicular shear. In the inset we compare Axy for
the perpendicular (P) and transverse (T) shear close to the critical shear rate γ̇∗ indicated
by the vertical dash line.
some value of γ̇ they are roughly equal (ly ≈ lx), and finally lx > ly at larger values of
γ̇, also see the sketch in figure 6.8. It is expected that the value of lx and ly will saturate
at very high shear rates due to the finite extensibility of the chains. If we calculate the
area, Axy = Rg(x)Rg(y), it is seen that the area remains constant for γ̇ > 0.18 as shown in
figure 6.7(c). The difference in the behavior of Axy for perpendicular and transverse shear
in the region γ̇ < γ̇∗ is shown in the inset of figure 6.7(c). In the following we will discuss
the change of energy related to the lamellar deformation.
6.4.1 Lamellar deformation and interaction energy
The total energetic contribution from the A-B diblock copolymer interfaces (interface ten-
sion) is directly proportional to the total interface area S as
EAB ' S · χ1/2 , (6.3)
where χ = εAB−(εAA +εBB )/2 is the Flory-Huggins parameter with εij as the contact energy
between species i and j. During transverse shear, below the critical shear rate, the vertically
oriented lamellae at zero shear are inclined and thus increases the total interface area. The
inclination angle is proportional to the shear rate, see figure 6.6(a)-(c), and thus the interface
area. So, by equation 6.3 the surface tension increases with increasing interface area, and
the force resisting the area change must be balanced by the shear stress to maintain the
inclined steady-state configurations. In simulations, the pair-wise interaction energy Epair
is the right quantity to monitor the lamellar deformation since the change in the number of
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x
y
(a)
(b)
increasing
Figure 6.8: Cartoon illustrating the qualitative change in the chain extension along the X
and Y axes for shear rate γ̇ below and above the critical value γ̇∗. In the figure, see the
relative orientation of the chain and the flow field (indicated by the thick arrow pointing
along the X-axis) in Transverse shear (a), and Perpendicular shear (b). Also see the text.
A-B contacts (interface area) is directly reflected by this quantity. Therefore, deviation of
Epair from the equilibrium state ∆Epair can be written as
∆Epair = ∆EAB ' ∆Sχ1/2 . (6.4)
Since lamellae are parallel to the Y-axis a projection of the interface points in the XZ-
plane is enough to understand the change of interface plane as a function of shear rate. In
figure 6.9, we show the shape of the interface line and the inclination angle θ between the
interface line for γ̇ = 0 and that of γ̇ 6= 0 < γ̇∗ ≈ 0.006. The angle θ increases sublinearly
with increasing γ̇ and the maximum it reaches is θmax ≈ 45o for γ̇ close to γ̇∗. For γ̇ 6= 0,
the interface profile is linear in the bulk, however, close to the walls it deviates from the
bulk and approaches roughly normal to the walls, see figure 6.9(a) and figure 6.10(a). The
intersection point of the interface line and the wall x1 is less than the intersection point of
the extrapolated interface profile and the wall x2, see figure 6.10(a). The difference x2 − x1
is known in literature as the slip-length. The change of x1 and x2 as a function of γ̇ is shown
in figure 6.10(b). It is observed that x1 ≈ x2 for γ̇ → 0 and γ̇ → γ̇∗, with <|x2−x1| >≈ 1.5,
for all values of γ̇ ≤ γ̇∗.
The increase of A-B interface area due to shear is proportional to the increase of interface
length l, see figure 6.10(a). In the figure l0 is the value at zero-shear rate, and l1 and l2 are
the length measured at x1 and x2 from the center. In figure 6.10(c), we show the change of
interface length ∆l = li=1,2 − l0 as a function of shear rate. The value of ∆l increases more
rapidly at larger γ̇ and hence a more rapid increase in the A-B contact energy is expected
close to the critical shear rate γ̇∗.
In figure 6.11, the pair-wise interaction energy, Epair, during the transverse shear is com-
pared for two shear rates - below and at the critical shear rate. As we can see in the figure,
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Figure 6.9: (a) Shape of the A-B interface line at different values of shear rate indicated in
the figure. Here, dots are the interface positions at different times in steady state and the
solid line is the time averaged value. (b) The angle θ (in degree) between the zero shear
rate interface line and that of non-zero shear rate.
below the critical shear rate (i.e. at γ̇ = 0.0048), initially the energy increases from the zero
shear state and then saturates when the system reaches steady state (lamellae inclination
does not change with time). The situation at the critical shear rate can be described in
three stages : (1) initially Epair increases and saturates at a higher value (more inclined
lamellae), (2) around 3 × 106 MD steps the value of Epair decreases abruptly i.e. lamellae
breakup, and (3) around 4 × 106 MD steps Epair saturates to a lower value i.e. lamellae
recombined and aligned along the flow direction.
In figure 6.12, we display the difference of the average value of Epair between equilib-
rium (γ̇ = 0) and steady state denoted by ∆Epair = Epair(vw) − Epair(0). In the inset of
figure 6.12, we show the Epair fluctuation |δE| (here, |δx| =< x2 > − < x >2). In the case
of transverse shear, there are three distinct regions : (i) below the critical shear rate where
the lamellae inclination increases with increasing shear rate and thus a corresponding sharp
increase of Epair, (ii) intermediate shear rates (γ̇
∗ ≤ γ̇ < γ̇∗1 ' 0.0096) where the lamellae
are aligned along the shear direction, but structures with/without defects can coexists in
this region, and (iii) large shear rates where there are no defects and the lamellae align
perfectly along the flow direction.
Structures with defects have higher energy compared to those without. In the inclined
lamellae state (for γ̇ < γ̇∗ transverse shear), the pair-wise energy fluctuation is much higher
(about 70 times) compared to the fluctuation in equilibrium. When the lamellae are re-
oriented along the shear direction the fluctuation is again comparable with the equilibrium
value. On the other hand, the energy fluctuation in perpendicular shear is comparable to
that of the equilibrium for all the values of shear rate considered.
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Figure 6.11: Change in the pair-wise interaction energy during transverse shear shown for
two different shear rates: (1) γ̇ = 0.0048 (below the critical shear rate) - black, and (2)
γ̇ = 0.006 (at critical shear rate) - red. Simulation snapshots of the typical configurations
at various stages during shear.
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Figure 6.12: Difference of pair-wise interaction energy ∆Epair between the equilibrium value
and that of steady state both in transverse and perpendicular shear. The inset shows the
fluctuations |δE|. Regions: (i) below the critical shear rate - inclined lamellae, (ii) shear
rates larger than the critical value (intermediate) - lamellae with and without defects align
along the flow, and (iii) large shear rates - lamellae without defects and alignment along the
flow. Shear is along the X-axis. On the right, we show the typical configurations for the
encircled points with label (a), (b), and (c) in the left figure.
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6.4.2 Flow behavior: Laminar flow and cyclic chain motion
The flow profile of the system during shear is obtained by calculating the flow velocity of
polymer layers located at different heights from the wall. In order to do this, first the film
is subdivided into thin layers in XY-plane, each of width dz = σ, and the flow velocity of
a particular polymer layer is calculated by averaging the velocity of monomers contained in
the layer.
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Figure 6.13: Velocity along the shear direction as a function of time for the polymer layer
of width σ located next to the wall shown for (a) transverse shear, and (b) perpendicular
shear. The upper (lower) branch is for the layer close to the upper (lower) wall. Open and
filled symbols are for the lower and upper walls, respectively. The two values of applied wall
velocity indicated in the figure are for below, vw = 0.07, and at the critical, vw = 0.075,
shear velocities.
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Figure 6.14: Simulation snapshot showing change of lamellar orientation during transverse
shear at critical shear rate γ̇∗ ≈ 0.006 (i.e. vw = 0.075). Shear is applied along the X-axis.
Fig.(a) t = 2.14×106 MD steps - inclined state, fig.(b) t = 4.58×106 MD steps - breakup of
lamellae, and fig.(c) t = 11.6× 106 MD steps - recombined forming lamellae and alignment
along the flow. Walls are not shown here.
Response of the copolymer thin film under shear depends on the mode of shear. The re-
sponse is measured in terms of the flow velocity of the outer layer i.e. polymer layer located
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Figure 6.15: Applied wall velocity and the magnitude of the corresponding response velocity
of the polymer layer (of thickness 2σ) close to the wall shown for both transverse and
perpendicular mode of shear. Response velocity plotted here is the average value of the
upper and lower layers. Regions : (i) below the critical shear rate, (ii) and (iii) are above
the critical shear rate, see text for explanation.
next to the wall, see figure 6.13. In the case of transverse shear, figure 6.13(a), we can see
that below the critical shear rate (i.e. for vw = 0.07) the outer layer velocity fluctuates close
to zero. At the critical shear rate (i.e. for vw = 0.075) the outer layer velocity jumps to
|vx| ' 0.04 (average value in steady state) indicating the flow of polymer upon changing the
lamellar orientation. Snapshot of lamellar reorientation during transverse shear is shown in
figure 6.14. On the other hand, there is no jump in the outer layer velocity for perpendicu-
lar shear at the critical shear rate, figure 6.13(b), and there is hardly any difference in the
velocity profile for the two applied wall velocities indicated in the figure. One may note that
the response velocity vx is consistently lower than the applied wall velocity vw, and this is
due to the fact that the chains are not attached to the walls and the stick-slip motion of
polymers close to the walls lead to an effective lower response velocity.
In figure 6.15, average velocity of the outer layer as a function of the applied wall velocity
is compared for the two modes of shear. The magnitude of the outer layer flow velocity in-
dicated in the figure is the average value of the first two layers next to the wall. In contrast
to the perpendicular shear, the polymer layer hardly flows in transverse shear below the
critical shear rate, see region (i) in the figure. However, there is a sudden increase in the
velocity once it reaches the critical shear rate, and afterwards the response velocity does
not differ much except for lamellae with defects in which the velocity is lower for transverse
shear, see region (ii). It is interesting to note that, although small in magnitude, there
is an increase in the response velocity in region (i). This suggests that polymers in the
outer layer flow even in the inclined state without destroying the structure. In the follow-
ing, we will discuss how the system maintains such inclined lamellae structures during shear.
The laminar flow profile is displayed in figure 6.16. Above the critical shear rate, the
flow profile of both transverse shear and perpendicular shear are similar, whereas the flow
profile is different below the critical shear rate. In perpendicular shear, flow takes place in
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Figure 6.16: Laminar flow profile under (a) transverse shear, and (b) perpendicular shear at
different values of applied wall velocity as indicated in the figure. The applied wall velocities
vw = 0.01, 0.05, 0.07 are below the critical shear rate, while vw = 0.09, 0.11, 0.14 are above
the critical shear rate. The walls are located at Z=0.0, and Z=25.0.
the bulk even at very low shear rates, see figure 6.16(b). However, in transverse shear there
is no flow in the bulk except for the layers very close to the walls, see figure 6.16(a). In the
following, we discuss the flow behavior in detail for the inclined lamellae stationary state.
Inclined lamellae stationary state and cyclic chain motion
In figure 6.17, we show the polymer flow profile in the film during transverse shear for
vw = 0.05 and vw = 0.07 (both in inclined steady state). The polymer layer adjacent to the
wall flows in the direction of shear, while a few layers next to the first layer flow in opposite
direction with a smaller velocity, see region-1 and region-2 in figure 6.17. We observe that
region-1 and region-2 have roughly the same area. Therefore, the integral
∫
dz vx(z) with z
covering both region 1 and 2 vanishes indicating a cyclic motion of chains in regions close
to the walls in inclined lamellae state. Since vx ≈ 0 in the bulk the above integral over the
entire film thickness should also vanish. In figure 6.18, we show the X and Z position of
the middle monomer of two chains initially located close to the upper and lower walls at
vw = 0.0725 (just below the critical shear rate). The cyclic chain motion is also observed in
densely grafted polymer brushes under flow field.[27–30] As we can see in figure 6.17, vx(z)
oscillates around zero and quickly decays to zero for z → bulk. This leads to the cyclic
chain motion picture shown in figure 6.19.
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Figure 6.17: Laminar flow profiles during transverse shear for the applied wall velocity (a)
vw = 0.05, and (b) vw = 0.07 (both vw below the critical shear rate). The walls are located
at Z=0.0 (lower wall) and Z=25.0 (upper wall).
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Figure 6.18: Cyclic motion of the chains during shear in transverse configuration. Z and X
positions of middle monomer as a function of time shown for two different chains for the
applied wall velocity vw = 0.0725 (just below the critical shear rate).
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Figure 6.19: Cartoon illustrating the cyclic motion of chains in the inclined lamellae station-
ary state observed in transverse shear below the critical shear rate. Regions : A - A-phase,
B - B-phase, and I - interface.
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6.4.3 Macroscopic response: Friction coefficient and viscosity
To understand the qualitative difference in the flow properties we consider the kinetic friction
coefficient µ defined as
µ(γ̇) ≡ fx(γ̇)
fz(γ̇)
, (6.5)
and the shear viscosity ηxz defined as
ηxz(γ̇) ≡
σxz(γ̇)
γ̇
, (6.6)
where fx and fx are the shear and normal forces respectively measured at the walls, and
σxz is the shear stress. Since there is slip near the boundaries the applied shear rate is not
the true shear rate in the polymer layers adjacent to the walls, see figure 6.15. We obtain
an effective/true shear rate, γ̇eff, by using the response velocity shown in figure 6.15 and
an effective film thickness measured from the middle of the outer layer where the response
velocity is measured.
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Figure 6.20: Double logarithmic plot for the (a) shear force measured at the walls, and (b)
shear stress as a function of effective shear rate. Vertical line (dash and dot) at γ̇eff ≈ 0.0025
corresponds to the critical shear rate.
Both in transverse and perpendicular shear the shear force fx increases with increasing
shear rate, while the normal force remains constant (fz ≈ 6.0). Also the shear stress in-
creases with γ̇eff. In figure 6.20, we show the shear force and the shear stress at different
shear rates. The kinetic friction coefficient, and the stress tensor element σxy compared with
the shear stress σxz at different values of shear rate is shown in figure 6.21. Structures with
defects i.e. lamellae which are not aligned properly along the flow, see figure 6.6, give rise
to the non-zero σxy. It is interesting to note the difference in the behavior of the kinetic
friction coefficient (also shear stress) in transverse shear for shear rate below and above the
critical shear rate. The value of µ and σxz are much higher for γ̇ < γ̇
∗ and the system acts
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like an elastic material, i.e. it returns to its original shape upon stop shearing as observed
in simulations but not shown here, and above the critical shear rate it flows.
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Figure 6.21: (a) Kinetic friction coefficient µ, and (b) Stress tensor elements σij with i, j =
x, y, z as a function of effective shear rate γ̇eff. In fig.(b), σxz denotes the shear stress. The
vertical line (dash and dot) at γ̇eff ≈ 0.0025 corresponds to the critical shear rate, and T/P
denotes transverse/perpendicular shear.
The shear viscosity ηxz calculated using equation 6.6 is shown in figure 6.22. Below
the critical shear rate, shear viscosity ηxz ∼ γ̇0eff indicating a strict proportionality between
shear stress and shear rate for perpendicular shear. Whereas, in transverse shear ηxz ini-
tially decreases and then ηxz ∼ γ̇0eff , and this behavior is similar to that observed in an earlier
study on the rheological properties related to morphological transition in DBC melts.[31, 32]
It is interesting to note that below the critical shear rate the value of shear viscosity for
transverse shear is at least ten times larger than that of perpendicular shear. This may be
attributed to the strong increase in the shear force (or shear stress) which is related to the
chain orientation with respect to the shear direction (i.e. resistance to flow to avoid the
increase of interface area) during transverse shear.
Above the critical shear rate, the shear viscosity decreases like ηxz ∼ γ̇−αeff , with α = 0.25,
i.e. it displays shear-thinning behavior which is observed in homopolymer melts.[33, 34]
The exponent α observed here is lower than that observed in an earlier study on copolymer
melts.[32] In the case of homopolymer, the predicted value of the exponent α has values 0.3
and 0.45 depending on the range of shear rate,[30, 35, 36] and the asymptotic value (i.e. in
the limit γ̇ → ∞) is predicted to be 2/3 [37, 38]. As we can see in figure 6.22, the shear
viscosity at much higher shear rate again shows saturation, i.e. ηxz ∼ γ̇0eff , but at a lower
value of ηxz. This behavior is related to the change of chain conformation in the shear flow
field. In the regime of very small γ̇ the chain conformation is not disturbed, near and above
the critical shear rate the chain conformation changes until a certain value of γ̇ and above
which once again the chain conformation is not disturbed, see figures 6.7 and 6.8.
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6.5 Effect of adding nanoparticles
In this section, we will briefly discuss the behavior of thin films made of symmetric DBCs
and non-selective thermal nanoparticles under stationary shear. A fixed amount of NPs of
volume fraction Φp ' 10% (see equation (3.2) for the exact definition of Φp) is added to
the DBC melt where the NP diameter is twice that of a monomer. The NPs are attractive
to both species of DBC and to the wall atoms, while the NP/NP interaction is repulsive,
see table 6.1. Thus, the polymer matrix can be considered as an effective good solvent for
the NPs. As we already observed in chapter 3, at equilibrium the nonselective thermal NPs
are localized at A-B interfaces where the polymer density is lower, and the NPs at the A-B
interfaces are well dispersed.
In order to keep the total volume fraction of the system comparable with the system
without NPs, see figure 6.2(c), we remove some chains randomly from the system while
adding NPs. We have in total 1133 chains and 700 NPs in the system. The system is then
relaxed at T=1.0 by keeping the same film thickness (Lz = 25σ). The randomly placed
NPs are driven to the A-B interfaces during relaxation. The lamellae orientation is not
disturbed by the presence of NPs i.e. lamellae are aligned parallel to Y-axis as before. To
study the behavior of a thin film of copolymer nanocomposite we follow the same shear
protocols described in section 6.2, see figure 6.3.
In figure 6.23 we display the steady state configurations of the system at different values
of applied wall velocity under transverse shear. As in the system with Φp = 0, the lamellae
are inclined along the shear direction and the inclination angle depends on the shear rate.
It is observed that the NPs are preferentially located at the diblock interfaces during shear.
However, the presence of NPs shifts the critical shear rate to a higher value i.e. the lamellae
orientation now changes at vw = 0.095 (or γ̇ = 0.0076), compare figure 6.23 with figure 6.6.
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Figure 6.23: Steady state configurations of the DBC/NP mixtures at different values of
applied wall velocity vw indicated in the figure. Shear is applied along X-axis, and the blue
spheres represent NPs.
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Figure 6.24: (a) ∆Epair as a function of vw for systems with and without NPs (under
transverse shear), and (b) the magnitude of Epair fluctuation |δE|. Open symbol are for the
composite system, and vertical dash lines indicate the transition points
The difference of pair-wise interaction energy ∆Epair between the equilibrium and steady
state is shown in figure 6.24(a) for both the systems. For composite systems deviations
from the equilibrium value are larger as compared to the pure system (except at a few
points). From figure 6.24(b) we can see that the Epair fluctuation of the composite system
do not differ much from the equilibrium value (< Epair >= −1.298 with δE = ±0.065)
throughout. In the inclined lamellae state (i.e. below the critical shear rate), the fluctuation
|δE| is much smaller for the composite system and thus show that the fluctuations related
to the copolymer interface fluctuation are suppressed due to the presence of NPs at diblock
interfaces. However, above the critical shear rate |δE| is higher compared to the pure system.
The flow velocities of polymer layers next to the walls as a function of the walls’ velocity
are compared for the system with and without NPs in figure 6.25(a). The flow velocity v of
the composite system is consistently lower for both transverse and perpendicular shear. The
jumps in the value of v for transverse shear corresponds to the critical shear rate as indicated
in the figure. Although the composite system has higher critical shear rate the flow velocity
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Figure 6.25: (a) Outer polymer layer flow velocity v as a function of vw shown for the systems
with and without NPs (open symbols are for the system with NPs), and (b) laminar flow
profiles for the composite system (during transverse shear) at different values of vw indicated
in the figure.
of polymer layer next to the walls are almost the same for both systems at the respective
critical shear rate, see figure 6.25(a). The laminar flow profile below the critical shear rate
shows the backflow behavior indicating the cyclic motion of chains near the walls, compare
figure 6.25(b) and figure 6.16(a), also see figure 6.19. We can conclude that the addition
of nonselective NPs do not change the steady state behavior of the system, but shifts the
critical shear rate at which the lamellae flips orientation for transverse shear. This shift is
related to the decrease in flow velocity of polymers due to the presence of NPs as indicated
by the response velocity, see figure 6.25(a). The presence of NPs at diblock interface reduces
the surface tension by screening the unfavorable A-B contacts and suppress the interface
fluctuations, but introduce additional viscous drag.
In figure 6.26, we compare the behavior of shear viscosity of composite system with the
system without NPs. As we can see in the figure, there is no significant difference between
the two systems, and both systems show shear-thinning behavior above the critical shear
rate. The shear viscosity in transverse shear is approximately one order of magnitude higher
than that of perpendicular shear below the critical shear rate.
6.6 Summary
Using molecular dynamics simulations we have studied the behavior of copolymer thin films
under two modes of stationary shear: transverse shear where the shear field is normal to
the lamellae layers, and perpendicular shear where the shear field is parallel to the lamellae
layers. In particular, we have investigated the flow behavior, shear deformation of lamellae
in transverse mode and the associated change of interaction energy, also the macroscopic
responses are calculated. We consider thin films made of symmetric DBC melts and DBC
nanocomposites.
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Figure 6.26: Double logarithmic plot for the shear viscosity as a function of effective shear
rate for the copolymer thin films with and without NPs. Open symbols are for the composite
system.
Under transverse shear, lamellae are inclined along the shear direction in both pure and
composite systems. The inclination of lamellae leads to an increase in the value of pair-wise
interaction energy Epair which is related to a change in the copolymer interface area, see
figure 6.12. However, the presence of NPs strongly reduced the Epair fluctuation in the
inclined state, see figure 6.24(b). Analysis of laminar flow profile show that there is no net
flow of polymers in the inclined steady state. It is observed that the inclined lamellae steady
state is maintained via cyclic motion of chains located near the walls, see figure 6.19, and
thus the shear stress is distributed over many chains. At critical shear rate the inclined
lamellae state is not stable and undergoes a lamellae orientation transition. The value of
critical shear rate for the composite system is found to be higher. Above the critical shear
rate there is no difference between the two modes of shear, and therefore they display the
same flow profile. Overall, the presence of nonselective NPs shifts the value of critical shear
rate γ̇∗, and other properties of both systems do not show significant differences.
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Chapter 7
Summary and Outlook
We study the behavior of cylinder forming DBC and nonselective NP mixtures confined by
purely repulsive walls using molecular dynamics simulations in chapter 3. It is observed
that the repulsive and weakly attractive NP-monomer interaction leads to a very different
spatial distribution of NPs in the DBC matrix. In all cases nonselective NPs are preferen-
tially located at diblock interfaces and do not affect the copolymer morphology. Segregated
NPs at the polymer-wall interfaces can undergo a packing transitions in 2d i.e. from gas to
liquid-like to solid-like (hexagonal close packing) phases upon increasing NP concentration.
Also NP packing at the DBC interfaces change upon increasing NP concentration. An in-
teresting observation is the non-monotonic NP uptake behavior in the bulk as a function
of temperature, and it is determined by the balance of osmotic pressure of the stretched
blocks (dominates at high temperature) and NP-monomer enthalpic interaction (dominates
at low temperature). We have derived a characteristic temperature for the crossover in
between both regimes as a function of the interaction parameters and the chain length. In
our studies, we use NPs with diameter twice that of monomer and do not considered the
effects of changing NP size. Furthermore, in thin films there is new aspect of microdomain
orientation with respect to the walls, and this could be exploited by considering walls selec-
tive to a component of DBC.
In chapter 4, we study the effect of adding NPs selective to the minority component
of DBC. This leads to an increase of effective volume fraction of the minority component
and consequently shift the state in the phase diagram towards lower values of diblock com-
position. Also, new (non-stable) morphologies which are not possible for pure DBC films
can be formed. For example, a horizontally oriented lamellae Lh can be formed by highly
asymmetric DBC. In this special case of purely repulsive walls (i.e. repulsive to both DBC
and NPs), we observe lamellar orientation transition solely induced by the addition of se-
lection NPs. This opens another way to control microdomain orientation. It is observed
that the lamellae formed by the nanocomposites at high NP concentration prefer to orient
horizontally with the NP selective blocks located next to the walls, and therefore at high
concentrations we observe multiple layers of segregated NPs at the polymer-wall interfaces.
We found that the preference for horizontal orientation is to reduce the penalty related
to excess stretching of chains near the walls. Furthermore, a test of stability of Lh and
Lv lamellar phases by (slow and rapid) heating-cooling cycles indicates that the structures
depend on the thermodynamic pathways, i.e., the initial and final structures at the end of
heating-cooling cycles are not always the same and it depends on the rate of cooling.
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7. Summary and Outlook
In chapter 5, motivated by the stability of Lh phase in DBC nanocomposites confined
by purely repulsive walls, we have developed a mean-field model to study the role of NPs in
forming commensurable films. The uptake or release of NPs by the copolymer phase allows
the system to adjust itself to form a commensurable film. In Lh phase formed by pure
DBC, frustration is reduced by adjusting the film thickness (or by changing to Lv phase).
In Lh phase formed by nanocomposites the frustration can also be reduced by tuning the
NP-monomer interaction. If the walls are selective, the transition to a polymer wetted wall
phase is possible via a jump in the number of lamellae layers and other signatures of a
discontinuous morphological transition.
The limitation of this model is that we do not consider the possible morphological tran-
sitions upon increasing NP concentration, however incorporating this feature is straight
forward. An interesting question is the selection of lamellar reorientation and possible mor-
phological transitions induced by the NPs. Here, one has to compare several scenarios of
where the segregated NPs are placed. If we neglect the problem of location of segregated
NPs within the film the free energy of the perpendicular orientation corresponds to that
of the bulk state with the optimal take-up of NPs. In our calculations this leads generally
to lower free energies, see figs. 5.4 and 5.7 and thus to a preference of perpendicular orien-
tation for non-selective walls. This result, however, contradicts recent SCFT calculations
(see ref.[9] chapter 5) and direct MD simulations result discussed in chapter 4. Thus, a
more detailed approach to the perpendicular morphology of the nanocomposite including
the problem of the free energy effort of forming a segregated NP-phase is necessary.
In chapter 6 we study behavior of the copolymer thin films under stationary shear. Here,
thin films made of symmetric DBC melts which form a vertically oriented lamellae (both
with and without NPs) are considered under stationary shear. We consider two modes of
shear i.e. transverse shear in which the shear direction is normal to the lamellae layers,
and perpendicular shear where the shear is along the lamellae layers. In transverse shear,
below a critical shear rate there is no net polymer flow and lamellae adopt an inclined
steady state. In such inclined state, polymers close to the walls perform a cyclic motion,
also the kinetic friction coefficient and shear stress are much higher. In perpendicular
shear, polymers flow along the shear direction also for lower shear rates. Upon adding small
amount of nonselective NPs the critical shear rate is shifted to a higher value and the energy
fluctuations related to interface fluctuations are suppressed, however the overall behavior of
the system does not change. A possible extension to our present study would be to consider
the variation of NP concentration, also in addition we could introduce selective walls and
selective NPs.
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